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Facing an immense necessity to explore cost-effective and highly efficient water 
reuse technologies, nanofiltration (NF) has emerged as a promising wastewater 
treatment method for its high efficiency and low carbon footprint. To advance 
this technology, next-generation membranes based on new membrane materials 
have been initiated and established for higher separation efficiency. The purpose 
of this dissertation is to explore the feasibility of employing 2D graphene oxide 
(GO) nanosheets as an effective membrane selective layer, and to prepare the 
high-performance, structurally-stable GO framework membranes for the NF 
process. This systematic study covers a comprehensive review of GO NF 
membranes, and the fabrication and characterization of flat sheet and hollow 
fiber GO NF membranes. Emphases are placed on the heavy metal removal and 
organic dye waste treatment because of their high impact to water bodies. 
 
In the first part of this work, novel modification strategies, including (1) the 
crosslinking and construction of a rigid GO framework and (2) the amine-
enrichment modification, have been proposed to design stable and highly 
positively charged GO framework membranes with the GO selective layer 
thickness of 70 nm for effective heave metal via NF process. Results from 
sonication experiments and positron annihilation spectroscopy confirm that 
ethylene diamine (EDA) crosslinking not only enhances structural stability, but 
also enlarges the nanochannels among the laminated GO nanosheets for higher 
water permeability. The permeability of the tailored GO membranes 
outperforms these typical integrated skin polymeric NF membranes by 3-4 
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times due to the ultrathin feature of the GO layer as well as the unique water 
transport properties of GO membranes.  
 
Furthermore, to address the scale-up issues of traditional pressure-assisted 
filtration deposition technique, GO framework was constructed on the surface 
of a Torlon® polyamide hollow fiber substrate. A Layer-by-Layer (LbL) 
approach was employed, where the hollow fiber substrates were alternatively 
dip coated in the GO and EDA solutions for designated cycles. With a specially 
designed deposition protocol, the permeability and selectivity of the composite 
membrane are maximized. Characterizations show that the synergistic 
combination of the GO framework layer and the Torlon® support can not only 
effectively seal the defects but also narrow down the pore size distribution of 
the composite membrane. In addition, the polymer dope concentration for the 
typical integrated skin polyamide-imide NF membrane should be above a 
critical value for a defect-free membrane surface. However, with the aid of GO 
deposition, the polymer consumption for the newly developed GO composite 
membrane can be significantly reduced due to the additional selectivity 
provided by the GO layer. The long-term and high salinity NF studies reveal 
that this newly developed GO composite membrane has high operational 
stabilities, which is a breakthrough in wastewater treatment and has great 
potential for industrial applications.  
 
Apart from the membrane formation process, in-depth investigation on the 
evolution of nanochannels within GO frameworks was conducted. Boron 
bridging was incorporated into the GO laminate for the well-known reactivity 
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between boronic acids and hydroxyl groups of GO. It is revealed that the 
nanochannels of GO framework layer can be molecularly engineered by 
manipulating the thermal annealing process and the chemistry of boron bridges. 
GO framework composite membranes with proper charge properties and size 
exclusion functionalities have been developed to allow fast water transport and 
high rejections. Both pore size distribution and X-ray photoelectron 
spectroscopy were employed to elucidate the fundamental sciences about the 
evolution of nanochannels and change of surface chemistry of GO composite 
membranes against elevated annealing temperatures. The newly fabricated 
boron bridged GO membranes annealed at 65°C exhibit a water permeability of 
6.64 to 11.66 L m -2 h -1 bar -1 and high rejections of > 97% against dyes with 
molecular weights of 300-1000 Da. The boron bridged GO membranes may 
have great potential for hot and harsh wastewater treatment as well as water 
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1.1 World water crisis 
Due to the fast-growing population and increasing economic activities, the 
demand for clean water increases dramatically [1, 2]. The water systems that 
keep ecosystems thriving thus have become stressed. Rivers, lakes and 
groundwater are drying up or becoming too polluted to use [3]. At the current 
consumption rate, by 2025, 1.8 Billion people will be living in countries or 
regions with absolute water scarcity and two-thirds of the world’s population 
may face physical or economic water shortages (Figure 1-1). The worldwide 
water scarcity issue has prompted the R&D processes on the more efficient 
production of clean water and water reuse with less energy consumption [4].  
 
 
Figure 1-1 Projected water scarcity in 2025, Source: IWMI, 2000 
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1.2 Membrane processes in water separation 
Membrane separation technologies utilize a semipermeable membrane as a 
selective barrier between two phases [5, 6]. In the separation process, the 
transportation of preferential components can be achieved via various driving 
forces, including pressure, temperature gradient, osmosis potential and 
chemical potential differences. Compared with traditional water treatments, 
membrane based technologies have acquired enormous attention due to its low 
footprint, easy processability and gentle processing conditions for thermal 
sensitive compounds. 
 
Membrane processes for liquid based separation could be categorized as  (1) 
osmosis based separation, including forward osmosis (FO) and pressure 
retarded osmosis (PRO) [7, 8]; (2) vapor pressure gradient driven separation, 
including membrane distillation (MD) [9] and (3) hydrostatic pressure driven 
separation, including microfiltration (MF), ultrafiltration (UF), nanofiltration 
(NF) and reverse osmosis (RO) [10]. Wastewater treatment and reuse typically 
employ the hydrostatic pressure driven separations, as shown in Figure 1-2. 
Table 1-1 summarizes the general characteristics, including pore size, 
separation mechanism as well as operation conditions for these pressure driven 
membrane separation processes. Generally, MF is utilized for the removal of 
large particles such as suspended solids and bacterial from the water feed. UF 
is capable of separating macromolecules such as proteins, oil emulsion as well 
as virus. Both applications are well established. NF is generally employed for 
removing multivalent ions, dyes while RO is applied for high pressure 





Figure 1-2 Pressure-driven membrane process 





Separation mechanism Operation 
pressure (bar) 
MF 50 - 5000 Size exclusion < 2 
UF 1 - 100 Size exclusion < 5 
NF 0.5 - 2 Size exclusion / Donnan 
exclusion 
5 - 20 
RO < 0.5 Solution diffusion / Size 
exclusion 
20 - 100 
 
1.3 Nanofiltration 
NF has been developed since early 1970s for a specific separation function 
between the domain of ultrafiltration and reverse osmosis. The term 
nanofiltration was originally from Filmtec Corporation to characterize a “loose 
RO” membrane [11]. NF membranes have nominal molecular weight cut-offs 
(MWCO) in the range of 200 to 1000 Daltons, corresponding to the pore size of 
about 0.5 – 2 nm for neutral charged organic solutes. NF technique has been 
widely employed in desalination, water softening, heavy metal removal, 
6 
 
wastewater treatment, pharmaceutical purification. In addition, by carefully 
designing the membrane material, NF could be also applied in organic solvent 
based filtration for chemical, pharmaceutical and petrochemical industries.  
 
1.3.1 Membrane separation mechanism 
The separation of NF membranes is determined by both the steric effect and 
non-steric effect of Donnan exclusion mechanism. Donnan exclusion is an 
electrostatic interaction of repelling the coions since they carry the same fixed 
electric charges with the membranes. Counterions in binary electrolytes are 
transferred stoichiometrically owing to the zero electric current condition. Thus, 
the salt as a whole can be rejected. 
 
1.3.2 Membrane materials and types 
Common commercial polymers used for NF membranes are poly(ether sulfone) 
(PES), cellulose acetate (CA), polyacrylonitrile (PAN), polyetherimides, 
polyamide, polyimide, polysulfone (PSf), poly(vinylidene fluoride) (PVDF), 
polypropylene (PP) and polybenzimidazole (PBI). They are cheaply available, 
easy to process and widely used in various applications. In addition, novel 
copolymers, synthesized polymers as well as inorganic materials have also ben 
intensively studied in the field of membrane development [12, 13]. 
 
Depending on the membrane morphology, membranes could be classified as 
symmetric membrane and asymmetric membrane as is shown in Figure 1-3. 
Symmetric membrane has a homogeneous structure throughout the entire 
membrane thickness, whereas asymmetric membrane has different 
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morphologies across the cross section of membrane. Asymmetric membrane is 
the most widely used membrane type for NF process. Based on the fabrication 
process, there are two types of asymmetric membranes including wholly 
integral asymmetric membranes and composite membranes consisting of a thin 
selective layer and a porous substrate. The first generation of asymmetric 
membranes was developed in the 1960s by phase inversion method [14]. In this 
process, the polymer dope was casted on a plate by a doctor’s blade and then 
immersed in a coagulation bath for phase inversion. The top selective layer has 
a thickness of less than 0.5 µm and the sub porous layer has a thickness of 
around 100 µm based on the thickness of the blade. In composite membranes, 
the membrane consists of different layers that are usually made of different 
materials. The separation functionalities are usually provided by the top thin 
selective layer while the sub-porous layer mainly functions as a mechanical 
support. One of the advantages of the composite membrane is that the selective 
layer and porous bottom can be independently controlled based on the 
separation function. Another advantage of composite membrane is that since the 
materials for top and bottom layers are different, the top selective layer can use 
high performance expansive material while the porous substrate can choose 
cheap material to make the membrane cost effective. Up to now, most 




Figure 1-3 Schematic diagrams of the principal types of membranes 
 
Based on the membrane configurations, membranes could also be categorized 
as flat sheet membrane and hollow fiber membranes (Figure 1-4). Currently, 
most commercial membranes are made in the spiral-wound configuration by 
folding flat-sheet membranes. Compared with flat sheet membranes, hollow 
fiber configuration bears a lot of advantages such as large surface to volume 




Figure 1-4 Schematics of flat sheet and hollow fiber membranes and modules 
 
1.4 Design and fabrication of NF membranes 
1.4.1 Integrated skin NF membranes 
Wholly integral asymmetric membrane is a simple and cost effective membrane 
configuration in NF membrane production. By adjusting the membrane 
fabrication conditions and optimizing additional simple post-treatments, high 
performance NF membranes could be achieved. Several materials such as 
polyimide, PES, CA and PBI have been employed to fabricate NF hollow fiber 
membranes [15-20]. 
 
1.4.2  Thin film composite membranes via interfacial polymerization 
Most NF membranes are thin-film composite (TFC) membranes consisting of a 










TFC NF membranes is formed by the in-situ interfacial polymerization of two 
monomers on the top of a porous membrane substrate [24, 25]. During the 
interfacial polymerization process, two reactive monomers, including one 
polyfunctional amine and one polyfunctional acyl chloride are firstly dissolved 
separately in immiscible liquids. After that, the thin polymer film is created by 
the rapid reaction occurring at the interface between these two solutions as is 
shown in Figure 1-5. Typical monomers for this process is m-phenylenediamine 
(MPD) in water solution and trimesoyl chloride (TMC) in hexane solution [26]. 
 
Figure 1-5 MPD and TMC react at the interface 
 
Modifications of the interfacial polymerization conditions have promoted the 
membrane performance to a higher level. NF membranes that have a positively 
charged surface at neutral pH can afford to have a relatively larger pore size to 
achieve higher water permeation while maintaining relatively high rejections to 
various metal cations and positively charged dye molecules. However, the TFC 
NF membranes prepared via MPD or piperazine (PIP) with TMC have 
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demonstrated a negative surface charge over a wide range of pH. Thus, 
positively charged TFC NF membranes have been developed via the reaction of 
TMC with other amines [27-30]. Cheng et al. reported the interfacial 
polymerization between the amino-functional polyethylene glycol (PEG) and 
TMC for a more hydrophilic TFC membrane surface for higher water flux [31]. 
 
To further enhance the separation performance of the TFC membranes, various 
surface modifications methods have been proposed for increasing the water 
permeance and membrane selectivity. Recently, zwitterionic polymers, 
consisting of pedant groups of phosphobetaine, sulfobetaine or carboxylbetaine, 
have received enormous attention for these advantages of optimizing membrane 
flux, antifouling properties and biocompatibilities [32].  Ji et al. synthesized a 
new zwitterionic polymer and prepared their NF membranes via surface coating 
and chemical cross-linking method [33]. Chang et al. prepared NF membranes 
by means of interfacial polymerization and introduced zwitterions into their 
membranes via surface modification [34]. The incorporation of zwitterionic 
polymers on the membrane surface could significantly enhance the water flux 
and reduce the fouling tendency. 
 
Recently, mixed matrix membranes (MMM) blended with multifunctional 
nanomaterials were successfully fabricated for elevated membrane permeance 
and antifouling properties [35, 36]. As an enhancement of phase inversion 
formed membranes, the development of thin-film nanocomposite (TFN) NF 
membranes through interfacial polymerization rapidly emerges as an 
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efficacious alternative to advancing both permeance and selectivity. TFN 
membranes developed to date are integrally composed of an ultrathin polyamide 
layer containing functional nanomaterials, e.g., zeolite, graphene oxide (GO), 
carbon nanotubes (CNT), covalent organic frameworks (COF), metal organic 
frameworks (MOF), POSS®, etc. and a porous polymer support [37-43]. The 
ultimate aim of introducing such nanomaterials is to create additional pathways 
for increased molecular transport within the polyamide TFC layer through their 
intrinsic nanopores and interface voids, which should not distinctly alter the 
overall selectivity of the membranes. However, the existing problem of the 
affinity between the polymer and nanomaterials still remains a challenge to 
develop high-performance TFN membranes. In this regard, special tailored 
nanofillers with proper interactions with the polymer matrix must be designed 
to remedy the flaws induced by hard inorganic nanoparticles. 
 
Inspired by the typical interfacial polymerization process, novel methods to 
develop the ultra-thin selective layer have been also proposed. Zhang et al. 
developed the interfacial crosslinking method of the chitosan polymer layer via 
TMC in the hexane to replace the traditional water soluble crosslinker, making 
the crosslinking process time-saving and achieving an ultrathin dense selective 
layer with subnanometer pore sizes [44]. Gao et al. developed a green method 
by replacing the alkane solvent that is currently compulsory during interfacial 
polymerization, opening up an alternative to the traditional interfacial 
polymerization to fabricate outer selective NF membrane [45]. 
13 
 
1.5 Graphene oxide laminates in nanofiltration process1 
1.5.1 Introduction of GO membranes 
NF membranes with well-defined nano-size pores and specially designed 
surface properties are of great importance in wastewater treatment, food 
processing and pharmaceutical industries. Conventional polymeric NF 
membranes have exhibited good separation performance and are widely used 
due to their easy fabrication and relatively low costs [46, 47]. However, 
polymeric membranes also have limitations including poor chemical and 
thermal resistance, membrane fouling and physical aging under harsh operation 
conditions, especially in organic solvent NF applications [48]. Carbon-based 
materials, e.g. graphene and its derivatives GO have recently been studied as 
membrane materials for their easy accessibility, high mechanical strength and 
chemical stabilities [49-53]. GO could be bulk produced economically by 
oxidizing pure graphitic ﬂakes using the modiﬁed Hummers’ method [54]. It 
has a mono-atomic thick structure containing both sp2 C−C and sp3 C−O bonds 
and several oxygen-containing groups such as epoxy, hydroxyl, and carboxyl 
groups at the basal planes and the edges of the sheet [55]. The lateral dimension 
of GO ranges from nanometers up to a few micrometers [56]. Because of this 
high aspect ratio, GO nanosheets could be assembled on one another to form 
thin film laminate membranes [57] with remarkable separation performance for 
various separation applications including gas separation [58, 59], pervaporation 
[60, 61] and membrane filtration [62]. In addition, mixed matrix membranes 
containing functionalized GO have exhibited enhanced separation performance 
                                                 
1 This section has been published as a review paper: Y. Zhang, T.S. Chung, 




and improved membrane properties [63-65]. Especially, owing to the ultrafast 
characteristics of water ﬂow inside the well-deﬁned carbon nano-channels, GO 
membranes have great potential in the water treatment ﬁeld. Considering the 
global water scarcity and rising wastewater pollution, the purposes of this 
review are to (1) summarize the state-of-art of GO NF membranes in terms of 
membrane fabrication and achievements and (2) elaborate the challenges, future 
R&D and perspectives of GO materials for NF applications. 
 
1.5.2 GO membranes fabrication 
GO membranes have been self-assembled by filtration of aqueous GO solutions 
[57], spinning coating [66], drop casting [67], layer-by-layer (LbL) dip coating 
[62] and evaporation at the liquid-air interface [68]. The packing structure of 
the GO laminates could be varied with different assembly methods [69]. Among 
them, filtration is the most common and straightforward method. During this 
process, the compression induced by the hydraulic pressure or vacuum sucking 
makes the GO nanosheets align perpendicularly to the flow direction and 
narrows the inter-spacing among the oriented GO nanosheets. The membrane 
thickness could be easily controlled by varying the amount of GO filtered. It 
was found that the microstructure and the regularity of GO nanosheets were 
highly related to the filtration pressure [60]. A proper deposition rate controlled 
by the pressure may lead to orderly assembly GO laminates, giving the highest 
selectivity. Other factors, including the size of GO flakes and the introduction 
of cross-linkers or nano-fillers also affect the microstructure and the 
performance of GO membranes. The degrees of oxidation could significantly 
altered the chemical, structural and adsorption properties of GO nanosheets, 
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leading to various interlayer structures and membrane properties [70-74]. To 
achieve a homogeneous dispersion of GO for membrane fabrication and further 
functionalization of GO materials, the GO chemistry in terms of oxygen-
containing functionalities has dominant effects. Since GO sheets bear polar 
oxygen-containing groups, they have good interactions with certain polar 
solvent molecules, such as water, ethylene glycol (EG), N-methyl-2-
pyrrolidone (NMP), etc [75]. Besides a large concentration of ionizable oxygen 
functionalities, the chemical nature of different functional groups plays a 
significant role in determining the ionization or solvation level of GO [76]. 
Esterification and amidation reactions at carboxylic groups and the ring opening 
reaction at epoxy groups enable the GO nanosheets for further functionalization 
and crosslinking [77-79]. Recently, borate groups and aldehydes were found to 
modify GO at hydroxyl moieties, increasing the strategies for molecular 
engineering GO materials in membrane applications [80, 81]. 
 
1.5.3 Membranes separation mechanisms 
Nair et al. found that a dry sub-micrometer-thick GO membrane could 
completely block the passage of liquids and gases while facilitating the 
permeation of water vapor (Figure 1-6) [66]. They attributed this fast water 
vapor transport to the low friction of nano-channels formed by the empty 
interspace among the non-oxidized regions of GO sheets. Sun et. al. 
demonstrated the water diffusion coefficients in the nano-channels are 4 to 5 
orders of magnitude higher than the typical polymeric membranes, indicating 
GO membranes can also have ultrafast liquid water transportation [82]. Inspired 
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by these findings, tremendous works on GO membranes have been conducted 
towards water filtration.  
 
Figure 1-6 Permeation properties of GO membranes, (a) photo of a 1 µm thick 
free standing GO membrane, (b) cross sectional SEM image of the GO film, (c) 
schematic diagram of the permeation process through GO laminates, (d) He 
permeation through a GO film as well as a PET membrane. Ref. [66] 
 
Figure 1-7 illustrates the possible separation mechanisms of GO membranes for 
NF applications. Large organic molecules could be sieved by the size exclusion 
effect of the nano-channels within GO membranes. Mi proposed to manipulate 
the GO spacing of the nano-channels for precise size exclusion of ionic and 
large molecules [83]. Therefore, for water purification, wastewater reuse and 
pharmaceutical separation, one could design GO membranes with a precise 
inter-layer spacing by inserting cross-linkers or nano-fillers with a specific size 
between the GO sheets. On the other hand, GO could be partially reduced to 
diminish its hydrated functional groups for a reduced d-spacing. The reduction 
of GO materials could be achieved via either thermal annealing or chemical 
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reduction to remove the oxygen functionalities [84]. Thermal annealing is a 
straightforward and effective method to remove the oxygen-containing groups, 
especially for hydroxyl groups [85]. An increase in temperature can facilitate 
the thermal deoxygenation of GO. However, the energy consumption in this 
process is high and the degree of oxidation is hard to control. Chemical 
reduction of GO can take place at a low temperature with the introduction of 
reducing agents, e.g. hydrazine (N2H4), metal hydrides (NaBH4) and hydroiodic 
acid (HI) [84]. These agents could target at different oxygen-containing groups, 
enabling a good control of the reduction reaction. By using the reduced 
functionalized GO, angstrom level channels could be achieved without 
compromising the water permeability, which is suitable for ion level separation 
[71]. The as-fabricated GO membranes could also be reduced by the reducing 
agents, giving smaller nano-channel sizes and enhanced membrane 
hydrophobicity. 
 
Figure 1-7 Schematic diagrams of the purposed separation mechanisms of GO 
membranes: (a) size exclusion, (b) Donnan exclusion and (c) adsorption. 
 
Besides the size sieving effect, charged ions and small molecules could be also 
rejected by the Donnan exclusion of GO membranes [86, 87] . Due to the 
deprotonation of carboxyl groups at the edges of GO nanosheets, GO is 
negatively charged over a wide pH range. This enables the pristine GO 
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membranes with high rejections towards negatively charged organic molecules 
or divalent ions [62, 88]. However, the negatively charged characteristics of GO 
membranes can be modified. Zhang et al. employed amine abundant molecules 
including hyperbranched polyethylenimine (HPEI) and PAMAM dendrimer to 
design highly positively charged GO framework membranes with enhanced 
rejections of above 95% for heavy metal removal [89].  
 
Excellent selectivity could be also achieved for the removal of some smaller 
hydrate ions by the strong adsorption through the diverse interactions of ions 
with different regions on GO sheets [90]. This was due to the fact that transition 
metal cations could form coordination interactions with the oxygen-containing 
function groups and be fully blocked by GO membranes as is shown in Figure 
1-8 [91]. Similarly, the permeation rates of alkali and alkaline earth cations 
could be also significantly reduced due to the interaction with the sp2 cluster of 




Figure 1-8 The adsorption mechanisms for GO membranes towards various 
cations. (a)-(c) Cation – π interaction of the alkali and alkaline earth metals 
with the sp2 cluster of GO. (d) coordination interactions with the oxygen-
containing function groups of GO, reproduced from Ref [91]. 
 
1.5.4 Nanofiltration applications 
The GO membranes have demonstrated ultra-high water diffusion coefficients 
due to the ultrafast transportation of water molecules through the hydrophobic 
graphene walls [82, 93]. The gaps between the neighboring GO sheets, defects 
and pinholes on the nanosheets may also facilitate the water transportation [49]. 
However, recent studies revealed that the oxygen functionalities can lead to a 
dramatic drop in water permeability due to the bulk viscous dissipation and 
spatially extended friction [94]. The side pinning effect from the hydrophilic 
area of GO membranes and hydrogen interactions between water molecules and 
hydroxyls groups could slow down the flow rate [95-97]. The high tortuosity of 
GO membranes may also reduce water permeation [98]. As a consequence, the 
pristine GO membrane with a thickness of 1.5 µm could only exhibit a water 
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flux of 1.04 L m-2 h-1 bar-1 [99]. To improve the NF performance, especially in 
terms of permeability, several strategies have been proposed, including (1) 
fabrication of ultrathin GO membranes (< 100 nm) on porous supports and (2) 
introduction of additional porous microstructures within GO laminates for high 
water flux without compromising the rejection. 
 
Han et al. prepared ultrathin GO membranes of 22-53 nm thick on porous 
polymer supports via vacuum assisted filtration for water purification. The 
resultant ultrathin NF membranes possessed a high water flux of 21.8 L m-2 h-1 
bar-1 and high retention rates of 99% to organic dyes [88]. Due to its ultrathin 
nature, it only required a microscopic amount of GO materials to fabricate the 
GO layer for NF. As a result, the production of this type of composite 
membranes would be resource saving and cost-effective.  
 
The addition of nanoparticles and carbon nanotubes into GO laminates have 
been reported to widen the gaps and form nano-channels within GO layers for 
fast water transport without sacrificing rejections to organic solutes [100-103]. 
In addition, these fillers could be removed to further reduce the mass transport 
resistance. Huang et al. reported a novel nanostrand-channeled GO membrane 
using copper hydroxide nanostrands as the sacriﬁcial template to enhance 
membrane permeability [104]. In other words, the copper hydroxide 
nanostrands were firstly incorporated into GO membranes and then dissolved 
to form enlarged water flow channels, which offered a 10-fold enhancement of 
water permeance without sacrificing the rejection. Therefore, the GO 
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membranes could be substantially improved by tuning their microstructures 
with a higher water permeability for NF applications.  
 
Since GO demonstrates excellent tolerance to organic solvents and harsh 
environments, making it a promising material for organic solvent nanofiltration 
(OSN). Aba et al. developed GO membranes on ceramic hollow fiber substrates 
with a molecular weight cut-off lower than 300 Da and permeation fluxes of 
3.97 L m-2 h-1 bar-1 for methanol and 6.35 L m-2 h-1 bar-1 for acetone [99]. 
Recently, ultra-thin reduced GO membranes with either negative charge or 
positive charge has been developed for ultrafast OSN [105]. The membranes 
could effectively reject neutral solutes with molecular sizes larger than 3.4 nm. 
Moreover, by surface functionalizing GO with HPEI, smaller solutes with 
positive charge could also be rejected. Since these GO based membranes are 
stable in organic solvents, strong acidic, alkaline and oxidative media, they have 
great potential to be used in the pharmaceutical industry for value-added 
separation processes. 
 
In summary, GO membranes have demonstrated promising performance in NF, 
especially in terms of membrane flux. With the aid of finely tuned membrane 
channels and modified GO chemistry, the membrane selectivity could be well 
manipulated. Unlike polymeric membranes, GO membranes are chemically 




1.5.5 Challenges and perspectives 
Even though significant progresses have been made on the separation 
mechanisms of GO NF membranes and great potentials have been demonstrated 
for their NF applications, there are few challenges ahead before fully 
commercializing GO membranes. First, the current techniques to self-assemble 
GO materials by filtration are limited by the size of filtration apparatuses. 
Akbari et al. developed a scalable film process capable of producing large-area 
graphene-based membranes as shown in Figure 1-9 [106]. Briefly, a solution 
containing nematic phase GO was firstly prepared by continuous removing the 
water from the GO solution. The highly viscous GO solution was then cast upon 
a polymeric support. The resultant membrane consists of a thin layer of multiple 
GO nanosheets aligned by the shear forces during the knife casting. The 
composite GO membrane shows an impressive water flux of 71 L m-2 h-1 bar-1 
and high retention rates larger than 90% towards organic molecules with a 




Figure 1-9 (Top) 40 mg ml-1 GO nematic liquid and gravure printing machine 
producing 13×14 cm2 GO membranes. (Bottom) Schematic of shear-alignment 
processing of a nematic GO to a film. Reproduced from Ref. [106] . 
 
In addition to develop large-size flat-sheet GO membranes, future R&D should 
aim at different membrane configurations and fabrication methods such as 
hollow fiber and multi-bore membranes. Comparing with flat sheet membranes, 
hollow fibers possess unique advantages including high packing density, self-
supported structure and ease of handling [107, 108] while multi-bore 
membranes provide superior mechanical properties [50]. Preliminary studies 
regarding the deposition of GO on the outer surface of hollow fiber membranes 
via vacuum sucking or dip-coating method have been reported [99, 109, 110]. 
More efforts are required to scale up the production of GO based hollow fibers 




The long-term stability of GO membranes is another major concern. The 
reduction of O/C ratio in GO membrane was observed after certain operation 
conditions [111, 112], which might reduce the flux. GO NF membranes were 
found unstable in air due to the shrinkage after drying that resulted in a 
significant drop of permeability [113]. The over drying problem could be 
overcome by storing the membranes in aqueous environments [105, 113]. In 
addition, pure GO ﬁlms suffered from low structural stability in aqueous 
solutions. Upon submerging the membrane in water, hydration would destroy 
the hydrogen bond and increase the d-spacing of the pristine GO membrane by 
inserting water monolayers [114, 115]. In the meantime, due to the 
deprotonation of –COOH and –OH groups, the negatively charged groups at the 
edges of GO nanosheets induce strong electrostatic repulsion [116], leading to 
a signiﬁcant expansion of nano-channels in the membrane [117]. Similarly, Yeh 
et al. found the GO membrane deposited on polymeric supports would 
disintegrate over time in water, due to the weaken hydrogen bonding and 
electrostatic repulsion of GO sheets (Figure 1-10) [117]. Whereas, the 
deposition of GO membranes on anodized aluminum oxide substrates under the 
acid condition may improve the structural stability of GO membranes due to the 
introduction Al3+ contaminates into GO membranes. Therefore, there is an 
urgent need to improve the design strategies and self-assembly techniques for 





Figure 1-10 (Top) GO film filtrated on the Teflon substrate disintegrates in 
water, and (Bottom)GO filtrated on the AAO disc remains intact. Ref [117]. 
 
So far, approaches such as LbL deposition [110], reduced GO [102, 105] and 
interconnect GO nanosheets with covalent bonds [89, 118] have been proposed 
to stabilize the microstructure of GO membranes through cross-linking of the 
adjacent GO sheets. Nanometric GO framework membranes fabricated by 
cross-linking the GO nanosheets via ethylene diamine showed high integrity 
even after sonication for 10 minutes [89]. More researches are needed in order 
to comprehensively understand the molecular-level transformation of GO 
membranes in different aqueous media so that one can predict their long-term 
performance and stabilities for real industrial NF applications.  
 
1.6 Research objectives 
The main objective of this research is to explore the science and engineering of 
employing 2D GO as membrane materials for water treatment process. Based 
on the preceding literature review sections, the research gaps for this study can 
be summarized as follow: 
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 At the beginning of this study, the application of GO based membranes 
mainly focused on the gas separation, pervaporation and ultrafiltration. GO 
membranes with high retention rate to divalent ions are yet to emerge. 
 Pristine GO membranes have been identified to possess low structural 
stabilities under crossflow operation conditions. Hence, it is important to 
investigate on the possibility of crosslinking GO nanosheets to build GO 
frameworks and further enhance the mechanical stabilities of GO 
laminates.  
 The current GO laminates assembly method is limited by the apparatus, 
making it difficult to fabricate large-area GO films. To scale up the GO 
membrane production, new assembly technique is required. Furthermore, 
there is hardly any literature reporting the fabrication of GO framework 
membrane on a polymeric hollow fiber substrate. 
 Parameters of determining the GO membrane performance are yet to 
identified. 
 
While the main aim objective of this study is to provide a clear understanding 
on the formation mechanisms of GO frameworks as well as explore the 
feasibility of GO membrane in the application of NF field, the specific 
objectives of this research are to: 
 Explore the feasibility of GO laminates in the application of NF process for 
monovalent and divalent ions separation, e.g. heavy metal removal. 
 Design and construct GO frameworks for higher membrane stabilities in 
various testing conditions. 
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 Deposit GO frameworks on the hollow fiber substrate surface via different 
assembly methods and study the barrier effect of GO nanosheets.  
 Study the evolution of nanochannels and surface chemistry of GO 
membranes by varying the building blocks of GO frameworks and treatment 
conditions. 
 
The results obtained in this study may have significant impact on both providing 
alternative novel materials of NF membrane and understanding the 
fundamentals to construct GO frameworks for enhanced NF performance. Thus, 
the fundamental understanding of lab-scale GO membranes may be scaled up 
for practical use in industrial waste water treatment applications and extended 
to value-added separation processes. 
 
1.7 Scope of the study and organization of thesis 
This dissertation is organized and structured into six chapters. Chapter 1 firstly 
introduces the demand for the technological advancement in water treatment 
technology, followed by a brief introduction of membrane technology and a 
literature review on the recent advance in polymeric membrane development 
for NF applications. The subsequent section further elaborates the types of 
membranes including the promising materials and their key challenges. Several 
methods to enhance the NF performance are also presented. After that, a 
comprehensive literature review on GO based NF membrane is presented to 
show the current status of GO membrane research and future research directions 
are pointed out. Finally, this chapter ends with the highlighted research 




Chapter 2 essentially elaborates the materials used in this study as well as the 
research methodologies, such as membrane fabrication, membrane modification 
and characterization processes. 
 
In order to achieve the aforementioned research objectives, Chapter 3 – 5 have 
been individually dedicated for each objective. In Chapter 3, the potential of 
utilizing GO nanosheets as the effective membrane material for heavy metal 
removal is investigated. GO framework membranes with a thickness of less than 
100 nm are designed and fabricated for high performance heavy metal retention. 
Diamine crosslinking is found to significantly enhance the membrane stability 
as well as improve the free volume of the membrane. The effectiveness of amine 
enrichment for tuning the membrane surface charge properties is also examined. 
The effects of both membrane thickness and amine enrichment condition are 
studied and optimized for higher membrane performance. The feasibility of 
using GO as an effective membrane material for NF application has been 
proved. 
 
Chapter 4 investigates the feasibility of deposition of GO material on the 
surface of a hollow fiber substrate via a layer-by-layer (LbL) approach to scale 
up the fabrication process. The coating of a thin GO layer on the substrate 
surface is found effective for sealing the membrane defects, enhancing the 
barrier effect of salt and fluid transportation as well as narrowing down the 
membrane pore size distribution. Long-term NF performance for heavy metal 
removal and the rejection stability under high feed salinity are also investigated. 
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A subsequent study to modify the deposition process via vacuum suction is 
carried out in Chapter 5. Two different borate compounds are firstly employed 
as the crosslinker in the GO framework membranes. The effects of boron 
species and thermal annealing temperatures increased from room temperature 
to 80°C are discussed.  
 
Finally, the key findings from this research are summarized in Chapter 6. 
Furthermore, the limitations of this study as well as some recommendations for 






















A 0.5 wt% GO aqueous solution was purchased from Angstron Materials Inc. 
Figure 2-1 illustrates the chemical structure of the Lerf-Klinowski mode GO.  
Figure 2-2 shows the thickness of GO nanosheets is around 0.9 nm and the 
lateral dimension is less than 500 nm. A Whatman® Cyclopore® polycarbonate 
membrane supplied by Sigma-Aldrich was used as the substrate for the GO flat 
sheet membrane fabrication. Commercially available polymer Torlon® 4000 T-
MV polyamide-imide (Solvay Advanced Polymers) (Figure 2-3), solvent N-
methyl-2-pyrrolidone (NMP, > 99.5%, Merck), and non-solvent polyethylene 
glycol 400 (PEG, Mn = 400 g/mol, Merck) were used to fabricate the hollow 
fiber membrane supports.  A mixture of 40/60 v% glycerol (Aik Moh Pains & 
Chemicals Pte. Ltd) and deionized (DI) water was utilized to post-treat the as-
spun Torlon® substrates. Ethylene diamine (EDA, 99.5 wt%, Sigma-Aldrich, 
Figure 2-4a), boron compounds including sodium tetraborate decahydrate 
(borax, Sigma-Aldrich) and boric acid (Sigma-Aldrich) were employed to 
crosslink the GO nanosheets. HPEI 60K (MW = 60 K gmol-1, 50 wt%, Acros, 
Figure 2-4b), polyethyleneimine (PEI 2K, MW = 2 K gmol-1, Acros) and 
polyamidoamine dendrimer generation 2.0 (dendrimer G(2,0), MW = 3251 
gmol-1, Sigma-Aldrich, Figure 2-4c) were used to modify the surface charge 
properties of the membrane.  PEG with different molecular weights purchased 
from Sigma-Aldrich. Ethylene glycol (EG, ≥ 99.0 %, Merck), diethylene glycol 
(DEG, 99%, Sigma-Aldrich), triethylene glycol (TEG, ≥ 99.0 %, Merck) were 
used to determine the pore size distribution of the membranes. To determine the 
salt transport property and heavy metal rejection of the GO framework 
membrane, MgCl2 (98%, Sigma-Aldrich), NaCl (Merck), MgSO4 (99.5%, 
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Sigma-Aldrich), Na2SO4 (99%, Sigma-Aldrich), Pb(NO3)2 (99%, Acros), NiCl2 
(98%, Acros), CdCl2 (Acros), ZnCl2 (98.5%, Acros) were employed and 
dissolved in deionized (DI) water to form 1000 ppm solutions. Methylene Blue 
(MW = 319.85 gmol-1), Safranin O (MW = 350.84 gmol-1), Remazol Brilliant 
Blue R (MW = 626.53 gmol-1) and Rose Bengal (MW = 1017.64 gmol-1) were 
purchased from Sigma-Aldrich and prepared in 50 ppm solutions as model 
solutes for the dye rejection tests. 
 






Figure 2-2. An AFM image and height profile of GO nanosheets 
 
 
Figure 2-3 The chemical structure of Torlon® 4000T-MV 
 
 
Figure 2-4 The chemical structures of (a) EDA, (b) HPEI and (c) dendrimer 
G(2,0). 
 
2.2 Preparation of hollow fiber membranes 
The hollow fiber membrane substrates were prepared via a dry-jet wet-spinning 















vacuum heated in the oven to remove the moisture. The polymer was firstly 
dissolved in the solvent and non-solvent mixture. The mixture was then stirred 
for 24 hours to form a homogeneous polymer dope solution. The resultant dope 
solution was set aside for 2 days to eliminate the air bubbles trapped in the 
solution before poured in the ISCO pump. A schematic diagram of hollow fiber 
spinning line is shown in Figure 2-5. The dope solution and the bore fluid were 
fed into the annulus of the spinneret respectively. After the polymer dope and 
the bore fluid reached the tip of the spinneret, they entered the air gap region 
followed by entering the coagulation bath for the phase inversion process. The 
hollow fibers were collected by the rolling drum and then immersed in the 
tapping water for 2 days to remove the solvent residue. The detailed fabrication 
procedure and parameters for the Torlon® hollow fiber substrate are described 
in the following Chapter 4 and Chapter 5. 
 




2.3 Preparation of flat sheet membranes 
Figure 2-6 shows the schematic diagram to fabricate the flat sheet membrane 
support. The polymer dope was casted on a glass plate with by a casting knife 
with thickness of 150 µm. The polymer dope and glass plate were then 
immersed into tap water coagulation bath for phase inversion. After that, the as-
fabricated flat sheet membranes were kept in DI water bath for storage. In this 
dissertation, flat sheet membranes were casted to mimic the hollow fiber 
membranes for characterization purposes, including zeta-potential and FTIR. 
 
Figure 2-6 Schematic diagram of the flat sheet membrane casting 
 
2.4 Characterization of chemo-physical properties 
2.4.1 Field emission scanning electron microscopy 
The morphologies of GO composite membranes and the polymeric substrates 
were observed by a field emission scanning electron microscope (FESEM, 
JEOL JSM-6700F). To prepare the FESEM samples, the dried membrane was 
immersed and fractured in liquid nitrogen to generate homogeneous cross-
sections. The samples were then glued on top of the FESEM sample-holder 
surface using a double-sided carbon tape. All samples were subsequently 
38 
 
sputter-coated in a JEOL JFC-1300 auto fine coater fitted with Pt (20 mA for 
40s). 
 
2.4.2 Atomic force microscope 
The surface topology of membranes and the height profiles of GO and GO 
laminates were examined using a Nanoscope IIIa atomic force microscope 
(AFM) from Bruker Corporation. To examine the height profile of GO 
nanosheets, the samples were prepared by placing a drop of GO solutions on 
mica films and freeze-dried for AFM testing. A free standing GO film is 
required to measure the thickness of GO laminate. The flat sheet GO membrane 
was firstly immersed in a water/isopropanol mixture for the detaching of GO 
laminate from the polymeric substrate. After that, the free standing GO film was 
placed on a mica film for AFM measurement. 
 
2.4.3 Fourier transform infra-red spectroscopy  
Chemical functionalities of each membrane were analyzed by Bio-Rad FTS-
3500 Fourier Transform Infra-Red (FTIR) conducted over the range of 
wavenumber 400 – 4000 cm-1. Meanwhile, the sample chamber was 
continuously purged with N2 flow at a rate of 10 mL/min to minimize the side 
effect of moisture and CO2. The membrane samples were typically examined in 
the attenuated total reflectance (ATR) mode. Since the color of pure GO film is 
black, the FTIR spectra peaks under ATR mode is weak due to low 
transmissions of the membrane. A pellet was prepared by grinding a 0.5 mg GO 
layer sample with 99.5 mg KBr powder and compressed under 8 bar, which was 
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then characterized by the direct transmittance mode in the same scanning range. 
The total number of scans for each sample was 16. 
 
2.4.4 X-ray photoelectron spectroscopy 
The surface chemistry of each sample was characterized by employing X-ray 
photoelectron spectroscopy (XPS) on a Kratos AXIS UltraDLD spectrometer 
(Kratos Analytical Ltd) equipped with a monochromatized Al Kα X-ray source 
(1486.71 eV, 5 mA, 15 kV).  
 
2.4.5 Inductively coupled plasma-optical emission spectrometry 
The concentrations of heavy metals in the feed and the permeate solutions were 
determined by inductively coupled plasma-optical emission spectrometry (ICP-
OES) (Optima 7300DV, PerkinElmer).  Each  heavy  metal  solution  sample  
was  aspirated  and  introduced  to  argon plasma,  and  then  broken  down  into  
constituent  atoms.  Elements were detected by the optical emissions emitted 
from the excited atoms in the sample. 
 
2.4.6 Zeta-potential measurement 
To study the surface charge properties of the membrane samples, the ζ-potential 
of the selective surface as a function of pH from 2.5 to 10 over a 6 cm × 6 cm 
membrane area was analyzed by a SurPASS electrokinetic analyzer (Anton Paar 
GmbH, Austria). During the measurement, the ζ-potential was taken initially in 
a 450 mL 0.01 M NaCl solution. After that, the NaCl solution was firstly auto-
titrated with 0.1 M HCl to pH 2.5 followed by auto-titration with 0.1 M NaOH 
to pH 10. The ζ-potential of the membrane was then measured by Ag/AgCl 
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electrodes placed at both sides of the membrane sample accordingly at different 
pH values. Isoelectrical point was determined at the pH where the ζ-potential of 
the sample reaches 0 eV.  
 
2.4.7 Positron annihilation spectroscopy (PAS) – Doppler broadening energy 
spectroscopy (DBES) 
The microstructural evoluation of GO membranes was investigated by Doppler 
Broadening Energy Spectroscopy (DBES) using a variable mono-energy slow 
positron beam. This measurement was conducted using positron annihilation 
spectroscopy (PAS) in our laboratory. 22Na was used as the source of positrons 
and experiments were performed at a counting rate of 3000-4000 counts s-1. 
During the measurement, the whole chamber was vacuumed to less than 1.0 x 
10-6 Torr and a total of 29 DBES spectra generated at varied incident energies 
from 0.1 to 27 keV were recorded by an HP Ge detector (EG&G Ortec). For 
each spectrum, a total of one millions counts was taken. S-parameter derived 
from the annihilation spectra, can be used to determine the microstructural 
changes along the membrane depth profile. The mean penetration depth of 
positron in a film correlating to the incident energy of the slow positron beam 





1.6                                             (1) 
where Z is the mean implantation depth in nm, ρ is the material density in g.cm-
3 by assuming the same density of the films, and E  is the incident energy of 
the slow positron beam in keV. The average density of GO material employed 





2.5 Characterization of mass transport properties 
2.5.1 Pure water permeability and rejection calculation 
Pure water permeability (PWP, L m-2 h-1 bar-1, abbreviated as LMH bar-1) and 
salt rejection (R, %) of flat sheet GO membranes were tested at a 
transmembrane pressure of 1 bar by a dead-end permeation cell at room 
temperature (Figure 2-7). The effective membrane area was 3.14 cm2. During 
the test, the feed solution was stirred at 500 rpm. The bench-scale NF setup for 
hollow fiber membranes is shown in Figure 2-8. A 4-L feed solution was 
circulated through the shell side of the hollow fiber membranes. The operation 
temperature was maintained at room temperature and the feed flow rate was 
controlled at 0.2 L/min.  
 
PWP of each membrane was measured with DI water and the salt rejection was 
determined using a 1000 ppm ion solution (i.e., NaCl, MgCl2). The membrane 
was firstly conditioned under the NF mode for 2 hours before collecting 




                                               (2) 
 𝑅 = (1 −
𝐶𝑝
𝐶𝑓
) × 100%                                    (3) 
where Q is the water flow rate (L/h) at the permeate side of DI water. A is the 
effective membrane area (m2) and ΔP is the trans-membrane pressure (bar). Cp 
and Cf are the concentrations of the ion solution in the permeate and feed, 




Figure 2-7 The bench-scale apparatus for flat sheet membranes testing 
 




2.5.2 Pore size distribution 
The pore size distribution of the membranes was determined by solute rejection 
experiments [119-121]. Aqueous diethylene glycol, triethylene glycol and PEGs 
solutions of 200 ppm were used to determine the pore size distribution and 
MWCO of the membranes. A total organic carbon analyzer (TOC ASI-5000A, 
Shimadzu, Japan) was utilized to measure the organic solute concentrations in 
the permeate and the feed solutions. Since the solute rejection is related to the 
Stokes diameter of the solute, ds, a linear relationship could be achieved by 
plotting R against ds on a lognormal probability graph. The MWCO of the 
membrane was determined as the molecular weight of the solute to which the 
membrane rejection was exactly 90%. The mean effective pore diameter (μp) 
was presumed to be the geometric mean diameter of the solute (μs) when the 
solute rejection was 50%. The geometric standard deviation (σp) was calculated 
from the ratio of pore diameter when the rejection was 84.13% to that when the 
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The scarcity of fresh water is a global challenge due to the rapid growth in 
population and industrialization [1]. This leads to a great demand on exploring 
cost-effective and highly efficient water reuse and desalination technologies 
[122]. Compared with traditional wastewater treatments such as chemical, 
precipitation and sorption methods, NF technology has several advantages, 
including smaller footprint, lower operation cost and energy consumption, and 
elimination of chemical residuals [31, 47, 123-125]. One important application 
of NF is for heavy metal removal, which is achieved by combining the size 
exclusion and the Donnan exclusion separation mechanisms [13, 44, 126, 127]. 
 
The ideal NF membrane should have a narrow pore size distribution to achieve 
a high selectivity and a thin and highly porous structure to ensure a good 
permeability. Generally, polymeric NF membranes have acceptable separation 
performance and are widely used owing to easy fabrication with relatively low 
costs. However, polymeric membranes have some drawbacks including poor 
chemical and thermal resistance, fouling and physical aging [128, 129]. 
Inorganic porous membranes, such as Al2O3, can address the aforementioned 
weaknesses of polymeric membranes and achieve high separation performance 
[130]. Nevertheless, inorganic NF membranes are expensive and only used for 
special applications. 
 
Recently, carbon-based materials, e.g. graphene and its derivative GO, have 
shown promising to be membrane materials for their easy accessibility, high 
chemical and mechanical stabilities [54, 55, 131, 132]. GO is only one atom 
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thick with a lateral length of several hundred nm [56]. This high aspect ratio 
makes GO nanosheets highly stackable and self-assemblable [57, 68, 133]. By 
controlling the d-spacing of GO membranes, remarkable achievements have 
been made for various applications, including gas separation [58, 59], 
pervaporation dehydration [60, 61, 109, 118], and ultra/nanofiltration [62, 88, 
100, 104]. 
 
Nair et al. found that a sub-micrometer-thick GO membrane can completely 
block the passage of liquids and gases under a dry state while facilitating the 
permeation of water vapor [66]. They attributed this fast transport of water 
vapor to the low-friction nanocapillaries formed by the empty inter-space 
between the nonoxidized regions of GO sheets. However, hydration would 
increase the d-spacing of the GO membrane when it was immersed in water and 
allow a faster permeation of molecules with sizes smaller than 0.45 nm while 
blocking ions or molecules larger than that [114]. Inspired by Nair’s findings, 
Huang et al. reported a modified nanostrand-channeled GO membrane using 
copper hydroxide nanostrands as a sacrificial template to enhance the membrane 
permeability [104]. Han et al. also prepared ultrathin GO membranes of tens-
of-nanometer thick for dye retention with similar rejection performance but 
much higher water flux than commercial NF membranes [88]. These results 
suggested that laminar GO membranes are a promising candidate to develop NF 
membranes with an ultrahigh permeability.  
 
However, since the integrity of pure GO films is solely maintained by hydrogen 
bond interactions between the oxygen-containing groups of GO nanosheets, 
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pure GO films suffer from low structural and physicochemical stability. When 
the membrane is immersed in an aqueous solution, the hydration effect will 
destroy the hydrogen bond and enlarge the d-spacing among GO nanosheets, 
leading to a significant expansion of the nanochannels in the membrane. 
Therefore, there is an urgent need to improve the GO membrane design and self-
assembly technique to enhance its stability under various conditions [83, 132]. 
So far studies on the separation of small ionic species using GO membranes are 
limited. It was reported that GO based membranes had lower rejections towards 
ions than common NF membranes [62, 88]. Several approaches have been 
proposed to address these issues, including LbL dip-coating [134] and 
construction of GO frameworks [118]. However, the LbL membranes 
assembled via electrostatic interaction tend to swell up in ionic solutions, while 
fully crosslinked GO framework membranes suffer from a low liquid water 
permeability. 
 
In this study, a novel dual-modification strategy, including (1) the crosslinking 
and construction of a GO framework by EDA and (2) the amine-enrichment 
modification by HPEI, is designed to fabricate stable and highly charged NF 
membranes. The first step includes the mixing of EDA with the GO solution and 
then deposits it on a polycarbonate substrate via a pressure-assisted assembly 
technique, while the second step modifies and stabilizes the as-prepared 
membrane by HPEI. Different chemical, physicochemical and morphological 
characterizations are conducted to investigate the stability and surface 
properties of the pristine and modified membranes. The newly developed GO 
composite membrane shows good stability, high water permeability and 
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rejections towards a variety of cationic heavy metal ions, including Pb2+, Ni2+, 
Cd2+ and Zn2+. This study may provide useful insights on the design and 
fabrication of new generation NF membranes. 
 
3.2 Experimental 
A Whatman® Cyclopore® polycarbonate membrane supplied by Sigma-
Aldrich was used as the substrate. Prior to the GO assembly process, the 
substrates were modified with polydopamine to enhance the adhesion between 
the substrate and the GO layer [135]. Polydopamine (PDA) coating has been 
widely employed in membrane fabrication processes to increase substrate 
hydrophilicity as well as to provide feasible modification sites [136, 137]. 
Firstly, the coating solution (2 mg/mL) was prepared by dissolving 0.16 g 
dopamine hydrochloride into an 80 mL 0.01 M tris buffer at pH 8.5. The 
substrates were then immersed in the solution under ambient temperature for 3 
hours. During this period, dopamine will undergo self-polymerization and form 
an adhesive layer on the substrate to provide GO nanosheets anchor sites. Figure 
3-1 shows the top surface morphology of the Whatman® polycarbonate (PC) 
membrane before and after the dopamine coating. It can be seen that the PC 
membrane has uniformly distributed etched pore of 0.1 µm. The membrane 
surface demonstrated a thin rough layer after the dopamine coating. After that, 




Figure 3-1 The top surface morphology of the Whatman® Cyclopore® 
polycarbonate membrane and (a) before and (b) after the polydopamine 
modification. 
 
In order to prepare the GO framework, a certain amount of GO solution was 
fully dissolved in a 20 mL 1 wt% EDA water solution. The blend was then 
filtrated through the modified polycarbonate membrane in a dead-end filtration 
cell under 1 bar. After the filtration, the membrane was rinsed in DI water to 
remove the residual EDA. GO framework membranes fabricated under this 
condition were referred to as GO&EDA. For comparison, a control membrane 
was prepared following the same procedure but without EDA in water. This 




The surface charge properties of the as-fabricated GO&EDA membrane were 
further modified by immersing it into an aqueous solution containing either 1 
wt% amine HPEI 60K, PEI 2K or dendrimer G(2,0) for a certain period of time 
and rinsed by DI water. The resultant membrane is denoted as GO&EDA_HPEI 
60K if it is modified by HPEI 60K. 
 
3.3 Results and discussion 
3.3.1 Characterizations 
Figure 3-2 shows the FTIR spectra of the pristine GO, GO&EDA and 
GO&EDA_HPEI 60K membranes under the transmission mode. The pristine 
GO (Figure 3-2a) has characteristic peaks of –OH stretching at 3400 cm-1, -C=O 
stretching at 1732 cm-1 and -OH stretching at 1414 cm-1 in -COOH, C-O-C 
stretching at 1224 cm-1, which well corresponds to its structure as illustrated in 
Figure 2-1 in Chapter 2 [54]. After crosslinked by EDA, new peaks appear at 
about 1357 cm-1 and 3250 cm-1 (Figure 3-2b), which are representatives of the 
–CN in secondary amine and the -NH bond of primary amines, respectively 
[138]. In addition, compared with the spectrum of pristine GO, the epoxy 
content almost disappears and the intensity of carboxyl group decreases 
significantly. This indicates that crosslinking reactions and electrostatic 
interaction have taken place between the amine group of EDA and the epoxy or 
carboxylic acid group of GO. For GO&EDA_HPEI 60K, a new peak can be 
observed at 1570 cm-1, which is attributed to the abundant secondary amine on 
the HPEI chains. In addition, part of the free amine groups of HPEI molecules 
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may also react with the residual epoxy group in GO to contribute to the peak 
intensity. 
 
Figure 3-2 FTIR spectra of the GO layers:  (a) pristine GO, (b) GO&EDA and 
(c) GO&EDA_HPEI 60K framework membranes, measured in the transmission 
mode. 
 
Table 3-1 XPS characterizations of (a) pristine GO, (b) GO&EDA and (c) 
GO&EDA_HPEI 60K. 
Membrane  C 1s  (at%) O 1s  (at%) N 1s  (at%) O/C 
Pristine GO 71.4 28.6 0.0 0.40 
GO&EDA 69.8 19.1 11.1 0.27 
GO&EDA_HPEI 60K * 70.3 13.6 16.1 0.19 
*GO&EDA was modified with HPEI 60K for 20 min 
 
The reactions are further confirmed by XPS as shown in Table 3-1. The pristine 
GO membrane contains an O/C mass ratio of 0.4 and no nitrogen content could 
be detected. An increment in N1s content and a decline in O1s content for 
GO&EDA and GO&EDA_HPEI 60K are observed Correspondingly, O-C=O, 
C=O, C-O and C-C signals are detected on the surface of the pristine GO 
membrane in Figure 3-3a. For the GO&EDA framework membrane, the peak 
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intensities of O-C=O, C=O and C-O decline while a new peak of C-N appears 
due to the introduction of EDA into the GO layers (Figure 3-3b). Figure 3-4a 
shows the peaks of primary, secondary and quaternary amine groups on the 
surface of GO&EDA, indicating the presence of free amine, formation of 
covalent bonding and electrostatic interaction between GO and EDA. The peak 
intensity of C-N in GO&EDA_HPEI 60K increases substantially owing to the 
C-N bond of HPEI 60K on the membrane surface (Figure 3-3c). In the meantime, 
the peak intensities of C-O and C=O further decrease while the O-C=O peak 
disappears, which may be due to the formation of the covalent bond and ionic 




Figure 3-3 XPS C 1s narrow scan spectra on the surfaces of (a) pristine GO, 




Figure 3-4 XPS N 1s narrow scan spectra on the surfaces of (a) GO&EDA and 
(b) GO&EDA_HPEI 60K frameworks. 
 
Figure 3-5b and Figure 3-5c elucidates the chemical structures on the surfaces 
of GO&EDA and GO&EDA_HPEI 60K membranes. It is worth noting that 
EDA may either perpendicularly crosslink two parallel GO nanosheets or two 
adjacent nanosheets. Moreover, there might be only one amine group of EDA 
reacting with GO nanosheets, which explains the presence of amine group in 
the FTIR spectrum of the GO&EDA composite membrane. Therefore, the dual 
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modification strategy; namely, the first step by EDA to crosslink the GO sheets 
and the second step by HPEI to impart the surface with abundant positive charge, 
works well on the GO membranes. 
 
The structural integrity of the GO layer over the polycarbonate support is greatly 
enhanced by the dual modifications as evidenced in Figure 3-6, which shows 
the digital images of pristine GO and GO&EDA_HPEI 60K after a vigorous 
sonication process. Originally, both samples have the same brown appearance 
indicative of a thin GO layer. After the sonication process. ¾ of the pristine GO 
membrane becomes translucent, implying most GO nanosheets have been 
removed by the sonication, whilst GO&EDA_HPEI 60K maintains its 
appearance. This phenomenon suggests the structural stability of 










Figure 3-6 Digital photos of pristine GO and GO&EDA_HPEI 60K before (a), 
(b) and after (c), (d) vigorous sonication 
 
In order to optimize the preparation conditions, Figure 3-7 shows the PWP and 
MgCl2 rejection of GO framework membranes as functions of GO loading and 
immersion duration in the HPEI 60K solution. It can be seen that increasing GO 
loading could significantly enhance the rejection while decrease the PWP, 
which may result from the enhanced mass transport resistance. In addition, these 
extra GO layers could be used to cover the laminate defects, maximizing the 
membrane selectivity. The GO framework membrane comprising 0.09375 mg 
GO (specific deposition: 0.083 g/m2) and being modified by 1 wt% HPEI 60K 
aqueous solution for 20 min has the best balanced separation performance; 
namely, a MgCl2 rejection of 96.3% ± 1.3% and a PWP of 5.01 ± 0.24 LMH bar 
-1. It is therefore chosen as a representative of the GO&EDA_HPEI 60K for the 




Figure 3-7 Effects of (a) GO loading and (b) post-treatment duration in the 
HPEI 60K solution on NF performance. Control: (a) for the top figure, duration 
of all post-treatments was 3 min and (b) for the bottom figure, the GO loading 
was 0.09375 mg. Test conditions: 1 bar transmembrane pressure, 1000 ppm 
MgCl2. 
 
Figure 3-8a-d displays the surface and cross section morphologies of the 
substrate and the composite GO&EDA_HPEI 60K membrane. The 
polycarbonate substrate has a smooth surface with uniform pores of 0.2 μm in 
diameter. After the deposition of GO nanosheets, a well packed laminated film 
is formed on the substrate surface (Figure 3-8b). The wrinkles on the top surface 
of the GO membrane are formed from the edges and folding of GO nanosheets. 
61 
 
The thickness of the GO layer was measured by FESEM and AFM. Figure 3-8d 
shows its FESEM cross section image on the substrate with a thickness of less 
than 100 nm, while Figure 3-8e displays its height profile along the line across 
the membrane surface drawn by AFM with an average thickness of 69 nm. Since 
the specific GO amount for this NF membrane is only 0.083 g/m2, the newly 
developed NF membrane could be cost effective and prospective for practical 
wastewater treatment. 
 
Figure 3-8 The top surface morphology of (a) the Whatman® Cyclopore® 
polycarbonate membrane and (b) the GO&EDA_HPEI 60K composite 
membrane. The cross section morphology of (c) the substrate layer and (d) the 
GO layer. (e) The AFM image of the GO layers on a mica film. 
 
3.3.2 Effects of EDA crosslinking and HPEI modification on rejection 
performance in NF processes 
Figure 3-9a compares the PWP values of the pristine GO, GO&EDA and 
GO&EDA_HPEI 60K membranes. GO&EDA has the highest PWP of 9.79 ± 
2.20 LMH bar-1, which is significantly higher than that of the pristine GO 
membrane. One possible explanation is that the orientation of GO nanosheets 
in the pristine GO membrane is highly ordered and densely packed [69]. For 
GO&EDA, EDA may crosslink GO nanosheets in different ways. For 
perpendicularly crosslinked GO nanosheets, the expansion of d-spacing under 
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the wet condition is retarded, which would reduce water permeability. In 
contrast, if EDA crosslinks two adjacent nanosheets, it would enlarge water 
transport channels and increase PWP. Similarly, the incorporation of free amine 
and un-ordered EDA molecules among GO nanosheets may introduce defects 
and lower their packing density, thus increasing PWP. These competing 
mechanisms result in an enhanced pure water permeability for the GO&EDA 
membrane. The S- parameter values measured by DBES spectroscopy confirm 
our hypotheses. Figure 3-10 shows the S- parameter as a function of the incident 
positron energy for these three membranes. A smaller S- parameter indicates 
either a smaller free volume size or a lower free volume content of the 
membrane [60]. At low incident energy (i.e., corresponding to the thin GO 
layer), the S- parameter of the pristine GO membrane is much lower than the 
other two. It is hence reasonable to conclude that the pristine GO has the densest 
and most ordered packing, while GO&EDA and GO&EDA_HPEI 60K have a 
comparable packing density. Although the packing densities of GO nanosheets 
in GO&EDA_HPEI 60K and GO&EDA are similar, HPEI 60K crosslinks the 
top layer of GO&EDA_HPEI 60K and thus its pure water permeability is 





Figure 3-9 (a) The PWP of the three GO framework membranes at a 
transmembrane pressure of 1 bar, and (b) the rejection performance of the 




Figure 3-10 S- parameters of the three GO framework membranes against the 
incident positron energy. 
 
The ζ-potential of the pristine GO, GO&EDA and GO&EDA_HPEI 60K as a 
function of pH is shown in Figure 3-11. In a wide pH range from 3 to 11, the 
pristine GO membrane is negatively charged, which is mainly due to the 
deprotonation of the carboxyl group at the edges of GO nanosheets. The 
GO&EDA is slightly positive charge below pH 4.5 but becomes neutral at pH 
4.5 and then negative charge at higher pH values owing to the complicated 
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functional groups on the GO&EDA membrane surface such as hydroxyl, 
unreacted carboxyl acid, unreacted amine and amide groups. For 
GO&EDA_HPEI 60K, since additional amine groups are introduced on the GO 
framework surface, the isoelectric point shifts to pH 10.5 due to the protonation 
of the free amine groups. Moreover, its ζ-potential is around 100 mV at neutral 
pH, which is higher than most reported data for positively charged membranes 
[18, 22]. 
 
Figure 3-11 ζ-potential as a function of pH of the three GO framework 
membranes. 
 
Figure 3-9 also displays the rejections of these membranes against MgCl2, 
MgSO4, NaCl and Na2SO4 solutions. The pristine GO has the highest rejection 
towards Na2SO4, which is consistent with the literature data [88], then the 
rejection follows an order of R (Na2SO4) > R (MgSO4) > R (NaCl) > R (MgCl2). 
However, the rejection order is reversed for GO&EDA_HPEI 60K. This 
phenomenon can be explained by the Donnan exclusion effect. GO is negatively 
charged in a wide pH range. Therefore, it tends to extrude co-ions, such as SO42- 
and Cl-1. In order to maintain the electroneutrality of the solutions at each side 
66 
 
of the GO composite membrane, the counter ions Na+ and Mg2+ have to be 
rejected as well. According to Donnan exclusion theory, the rejection rate is 
related to the valences of the ion species, following the order of Zco-ions/Zcount-ions 
(Z refers to the valence). On the contrary, the GO&EDA_HPEI 60K membrane 
is positively charged after being crosslinked by amine-rich HPEI molecules. In 
this case, the co-ions are Mg2+ and Na+. The membrane thereby shows a higher 
rejection against divalent cations (Mg2+). Since the GO&EDA has a larger free 
volume and close-to-neutral charge at neutral pH, the rejections towards 
different salts are lower compared with the other two membranes. 
 
3.3.3 Effects of different amine-enrichment modifications 
Besides HPEI 60K, PEI 2K and dendrimer G(2,0) were employed to investigate 
the effects of various amine modifications. PEI 2K has a smaller molecular 
weight and dendrimer G(2, 0) is a micelle shaped molecule with abundant amine 
groups. The post-treatment conditions for PEI 2K and dendrimer G(2,0) have 
been optimized and Table 3-2 tabulates the best NF performance for each 
membrane.  
 











PEI 2K 30 s 0.39 89.0 72.6 
HPEI 60K 20 min 5.01 96.3 92.6 
Dendrimer G(2,0) 20 min 1.20 97.2 101.0 
* The reaction duration was optimized to the highest rejection performance 
 
The PEI 2K post-treatment is unfavorable for both permeability and rejections 
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because the resultant membrane has a lower rejection of 89% towards MgCl2 
and a significantly reduced PWP of 0.39 LMH bar -1. This is due to the fact that 
the molecular size of PEI 2K is smaller. It can easily block surface pores of the 
GO layer and react with GO nanosheets [139], resulting in a denser surface with 
a reduced water permeability. For the membrane post-treated by dendrimer 
G(2,0), the rejection remains high while the PWP drops 4-fold. This arises from 
the fact that dendrimer G (2.0) may form a denser crosslinking layer than that 
from HPEI 60K because HPEI 60K has a longer molecular chain and higher 
chain flexibility. As a consequence, the membrane post-treated by the former 
has a comparable rejection but a lower PWP. Clearly, HPEI 60K is the most 
efficient agent to modify the GO framework membrane with higher surface 
charge but lower transport resistance. 
 
3.3.4 Heavy metal rejection of the HPEI 60K modified GO framework 
membrane 
The newly developed GO&EDA_HPEI 60K membrane was further tested by 
1000 ppm Pb(NO3)2, NiCl2, CdCl2 and ZnCl2 solutions, respectively. High 
rejections to these divalent cationic heavy metal ions have been achieved as 
summarized in Table 3-3, especially for Pb(NO3)2 and NiCl2. Since the newly 
developed GO framework membrane is highly positively charged at neutral pH, 
it can effectively repel the cationic heavy metal ions. Table 2 shows a 
benchmarking of the current GO framework membrane with some other NF 
membranes [13, 20, 44, 126, 140]. A much higher PWP with comparable 




Table 3-3 A benchmarking of NF membranes for heavy metal removal. 
Membrane 
PWP  


















˃ 1 Pb(NO3)2 1000 ppm, 
10 bar 






























5.01 Pb(NO3)2  
1000 ppm, 
1 bar 
95.7 ± 0.7 
This 
work 
 NiCl2  96.0 ± 3.8 
 
 ZnCl2  97.4 ± 2.0 
 




In this study, GO framework has been constructed and employed in 
nanofiltration process for heavy metal removal in this work. The GO framework 
was covalently crosslinked with EDA on a polycarbonate membrane surface via 
a pressure-assisted filtration process, followed by a post-treatment step to tune 
the surface charge property.  
 The membrane formation mechanisms was studied and discussed. 
Various characterizations demonstrated that the GO nanosheets were 
partially crosslinked by EDA and HPEI could introduce abundant amine 
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groups on the membrane surface.  
 The EDA crosslinking was found not only to enhance the membrane 
stability, but also to enlarge the nanochannels between the laminated GO 
nanosheets for higher water permeability. By introducing HPEI 60K, the 
membrane surface potential can be positively tuned and the rejection 
towards divalent heavy metal cations could be substantially enhanced. 
 Among different post-treatment agents, HPEI 60K was found to be the 
most desired for providing a higher surface charge while lowering the 
mass transport resistance.  
 The newly developed membranes exhibited a high pure water 
permeability of 5.01 L m-2 h-1 bar-1 and comparably high rejections 









CHAPTER 4  
 
LAYER-BY-LAYER CONSTRUCTION OF GRAPHENE OXIDE (GO) 
FRAMEWORK COMPOSITE MEMBRANES FOR HIGHLY 
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Access to safe drinking water is now one of the most challenging issue to 
mankind due to the ever-rising water demand [1]. One well-known pollutant in 
water is the family of heavy metals. Lead, nickel and zinc are common heavy 
metals existing in the effluents of battery, glassware and painting industries 
[141]. They are hazardous chemicals and can cause serious health problems, 
even fatality, with a small dose. To effectively treat the polluted water and reuse 
the water, nanofiltration (NF) technology is a promising solution compared to 
the traditional wastewater treatments such as chemical precipitation and 
sorption [31, 123, 142, 143]. It uses mechanisms of size exclusion and Donnan 
exclusion to effectively remove the heavy metals from wastewater [45, 122, 
144]. 
 
Recently, graphene-based materials, e.g. graphene oxide (GO), have 
demonstrated great potential in water purification processes for their easy 
accessibility and high chemical stability [62, 132, 145-148]. GO is an atomic-
layer thick and is highly stackable with self-assembly characteristics [54, 131]. 
Therefore, GO membranes can be self-assembled via vacuum/pressure assisted 
filtration, spray/spin coating or evaporation at the liquid-air interface [51, 57, 
60, 61, 133]. A few studies have investigated the fabrication of GO NF 
membranes.  Huang et al. and Han et al. designed GO membranes that showed 
higher water permeability with comparable rejections to some commercial NF 
membranes [88, 104]. Zhang et al. developed a novel dual-modification strategy 
to fabricate mechanically stable GO framework membranes with high rejections 
for heavy metal removal [89]. However, the vacuum/pressure assisted assembly 
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method used in their flat-sheet membranes may encounter difficulties in scaling 
up due to the limitations of filtration apparatus [83, 99, 113].  In contrast, hollow 
fiber membranes may provide a better configuration for industrial scale up from 
engineering perspectives. Comparing to flat-sheet membranes, hollow fibers 
possess several advantages including larger membrane area per unit module 
volume, self-supported structure and ease of handling and operation for module 
fabrication [107]. Thus, the aims of this study are to (1) produce a high 
performance composite membrane comprising a GO NF selective layer on 
hollow fiber supports for heavy metal removal and (2) explore a suitable GO 
coating methodology. 
 
Torlon® 4000T-MV polyamide-imide (PAI) (Figure 2-3) was chosen as the 
substrate material because of its unique amide-imide characteristics, superior 
mechanical and thermal stabilities [139]. By cross-linking it with 
hyperbranched polyethylenimine (HPEI), free amine groups can be grafted onto 
the surface of the Torlon® substrate, providing bonding sites for GO sheets. A 
layer-by-layer (LbL) approach was then employed to deposit GO nanosheets 
onto the HPEI modified Torlon® hollow fiber via dip-coating, followed by cross-
linking with ethylenediamine (EDA) to enhance structural stability [118]. 
Characterizations were conducted to understand the evolution of surface 
chemistry, morphology, and physicochemical properties during each step of 
membrane formation. In addition, the newly developed composite membrane 
were tested against Pb(NO3)2, NiCl2 and ZnCl2 solutions to investigate its 
rejections to various heavy metals. A 150-hour rejection test was also carried 




Since the thin self-assembled GO framework contributes to the rejection, a 
polymer concentration higher than the critical point is no longer needed to 
produce traditional integrally skinned Torlon® NF hollow fibers [139]. Thus, 
comparing to traditional NF production via non-solvent phase inversion, a 
significant saving on polymer consumption can be achieved if one can develop 
the GO/Torlon® composite NF hollow fiber. Therefore, this study may provide 




Prior to preparing the polymer dope solution, the Torlon® 4000 T-MV polymer 
powder was dried overnight under vacuum at 120 °C. The hollow fiber support, 
referred to as Torlon® substrate, was spun via a dry-jet wet-spinning process as 
described in Chapter 2 [25, 149]. Table 4-1 summarizes the spinning 
parameters and conditions. The as-spun hollow fibers were then immersed in 
tap water for two days to remove residual solvents. After that, the fibers were 
soaked in a glycerol/DI water mixture (40/60 v%) for another two days to 
prevent the pore collapse during the subsequent air drying process and module 
fabrication processes. Figure 4-1 illustrates the step-by-step procedure to 
construct the GO framework layer on the Torlon® support via the LbL approach. 
Firstly, one end of the hollow fiber substrate was sealed with epoxy. The sealed 
hollow fiber was then cross-linked in a 1 wt% HPEI 60K aqueous solution under 
70 °C for 30 min to enhance the adhesion between GO nanosheets and the 
substrate. After that, the modified membrane, referred to as HPEI (30 min), was 
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rinsed thoroughly with DI water to removal unreacted HPEI molecules. A 
Torlon® support modified by HPEI 60K for 60 min was also prepared for the 
stability test under high salinity environments, that fiber was signified as HPEI 
(60 min). 
Table 4-1 Spinning conditions of the Torlon® hollow fiber substrate 
Spinning parameters  Value 
Dope composition (wt%) Torlon®/PEG 400/NMP: 18/20/62 
Bore fluid composition NMP/water: 90/10 
External coagulant  Water 
Dope flow rate (ml/min) 4 
Bore fluid flow rate (ml/min) 2 
Air-gap  (cm) 1 
Take-up speed (ml/min)  15 
Spinneret dimension (mm) O.D. = 2.0, I.D. = 1.25 
Temperature of coagulation bath, 22 °C; Humidity, 52% ± 1%.  
 
Subsequently, GO and EDA were deposited on the HPEI (30 min) surface by 
the LbL approach to form the GO framework. Prior to the assembly process, the 
GO solution was diluted to 50 ppm with DI water and sonicated under the sweep 
mode for 1 hr by Elmasonic (S 30 H) to achieve a uniform dispersion. The 
hollow fiber was firstly immersed in the 50 ppm GO solution for 5 seconds, 
taken out and blotted with tissue paper to remove the excess GO solution. After 
that, the fiber was dipped into a 1 wt% EDA aqueous solution for another 5 
seconds. A bilayer was then formed. By repeating such dip-coating cycles for 
certain times, a GO framework layer with a desired number of GO-EDA 
bilayers was synthesized on the outer surface of the Torlon® substrate. In the 
end, the membrane was immersed in a 1 wt% HPEI 60K aqueous solution at 70 
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°C for 30 min to modify its surface charge property. The GO composite hollow 
fiber membranes were designated as GO-x cycles, where x refers to the number 
of dip-coating cycles. For comparison, the effect of dip-coating duration in the 
GO solution was also investigated in this study. The resultant composite 
membrane was referred to as GO-y min, where y refers to the dip-coating 
duration.  
 
Figure 4-1 Schematic diagram of the procedure to construct the LbL GO 
framework membrane. 
 
4.3 Results and discussion 
4.3.1 Morphological and chemical characterizations of the membranes 
Figure 4-2 (a) – (f) shows the surface and cross section morphologies of the 
Torlon® substrate. Due to the instantaneous liquid-liquid demixing induced by 
the strong external coagulant water, the outer surface of the hollow fiber support 
is dense, while its underneath contains finger-like macrovoids. In contrast, the 
inner surface is fully porous with homogeneous pores of 10 µm owing to effect 
of a high NMP concentration in the bore fluid. These finger-like macrovoids 
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together with the porous inner surface guarantee a low resistance for mass 
transport.  
 
Figure 4-2 Morphology of the Torlon® hollow fiber substrate (a-f), HPEI(30 
min) (g), GO-10 cycles composite membrane (h) and a typical GO film formed 
by the vacuum assisted process (i). 
 
Figure 4-2 (g) displays the outer surface morphology of the Torlon hollow fiber 
support after an HPEI treatment of 30 min, while Figure 4-2 (h) discloses an 
ultrathin GO framework layer being successfully assembled on the top of HPEI 
(30 min). It has a smooth surface with a few wrinkles, which are resulted from 
the edges and foldings of GO nanosheets. The top surface of GO-10 cycles is 
similar to that of pure GO films as shown in Figure 4-2 (i), which was fabricated 
via a typical vacuum filtration process. Since the morphology of the polymeric 
hollow fiber surface could be clearly observed beneath the GO layer, indicating 




Figure 4-3 XPS C 1s and N 1s narrow scan spectra on the surfaces of pristine 
Torlon®, HPEI (30 min), and GO-10 cycles. 
 
XPS C 1s and N 1s narrow scan spectra in Figure 4-3 provide more information 
on the cross-linking reaction of HPEI and construction of the GO framework 
layer. The pristine Torlon® substrate has characteristic peaks of C-N, C=O and 
secondary/tertiary amine at the bonding energies of 286.4 eV, 288.5 eV and 
400.1 eV, respectively. In contrast, the peak intensity of C-N significantly 
increases after the first HPEI treatment. Upon the introduction of HPEI, the 
carbonyl groups on the imide rings of Torlon® react with amines to form amide 
groups, thus increasing the number of C-N bonds on the membrane surface. The 
unreacted amine groups will be protonated and provide positive charges on the 
membrane surface [18, 139]. The appearance of primary and quaternary amine 
further confirms the cross-linking reaction. These free amine groups could also 
provide anchoring sites for GO nanosheets via covalent bonding and 
electrostatic interaction [89]. Figure 4-3c illustrates the appearance of a new 
peak of C(O)O, which is attributed to the carboxyl group of GO. It confirms the 




Figure 4-4 elucidates the surface charge properties of the Torlon® substrate, 
HPEI (30 min) and GO-10 cycles as a function of pH. For comparison, a control 
membrane was prepared under the same procedure as GO-10 cycles but without 
the post HPEI modification. This membrane is referred to as GO-10 cycles w/o 
HPEI. The pristine Torlon® substrate has an isoelectric point of around pH 2.8, 
indicating that the membrane is negatively charged at a wide pH range. The 
isoelectric point of HPEI (30 min) shifts to pH 10.5 due to the protonation of 
the unreacted amine groups. However, after the LbL dip-coating of GO, the 
isoelectric point shifts to pH 9.2, which is mainly resulted from the consumption 
of the free amines and deprotonation of the carboxyl groups at the edge of GO. 
Therefore, a post HPEI modification is essential to resume the positive surface 
charge and strengthen the GO framework structure. 
 
Figure 4-4 ζ-potential as a function of pH of the membranes. 
 
4.3.2 Effects of GO coating on NF performance 
Different protocols of GO deposition on the substrate were investigated in this 
study by either increasing the immersing duration in the GO solution or 
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increasing the LbL coating cycles. Table 4-2 tabulates the NF performance as a 
function of fabrication conditions. Compared to HPEI (30 min), the rejection of 
MgCl2 increases from 55.5% to 84.3% for GO-1 cycle but PWP decreases from 
50.2 LMH bar-1 to 8.0 LMH bar-1, indicating GO nanosheets could (1) 
effectively cover the surface defects and significantly narrow the membrane’s 
pore size and (2) increase the transport resistance for both salts and water. 
Increasing the GO coating duration from 5 s to 2 min and 10 min could further 
enhance the MgCl2 rejection but at the expense of water permeability. This 
could be attributed to the fact that GO aggregations were formed on the 
membrane surface for a prolonged reaction duration. These GO aggregations 
may increase the mass transport resistance and reduce the water flux.  
 
Table 4-2 Torlon® and GO composite hollow fiber membrane nanofiltration 















N.A. N.A. 216.3 ± 
12.6 
≈ 0 
HPEI (30 min) N.A. N.A. 50.2 ± 2.1 55.5 ± 4.9 
GO-1 cycle 5 s 1 8.0 ± 0.1 84.3 ± 0.2 
GO–2 min 2 min 1 2.3 ± 0.2 95.2 ± 2.1 
GO–10 min 10 min 1 1.8 ± 0.1 96.9 ± 1.1 
GO-5 cycles 5 s 5 4.7 ± 0.5 97.6 ± 0.7 
GO-10 cycles 5 s 10 4.2 ± 0.4 97.9 ± 0.7 
GO-20 cycles 5 s 20 3.8 ± 0.5 96.6 ± 0.4 




On the other hand, increasing the number of deposition cycles show significant 
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improvements on rejection but less influence on PWP. When the cycle number 
reaches to 5 or 10, a MgCl2 rejection higher than 97 % and a PWP larger than 4 
LMH bar -1 are achieved. Clearly, the thickness of GO layer can be well 
controlled by manipulating the number of dip-coating cycles. The surface 
defects could also be maximally covered by adding more layers of GO 
nanosheets. In addition, by pulling the substrate out of the coating solution, the 
surface tension exerted by the coating solution at the interface between hollow 
fibers and the solution may align GO nanosheets in the vertical direction, 
leading to an ordered packed GO layer compared with random packing. As a 
result, both high PWP and rejection values are obtained. However, a further 
increase in repeating cycle to 20 leads to no improvement in both PWP and salt 
rejection. Therefore, GO-5 cycles and GO-10 cycles are chosen for further 
studies. 
 
Table 4-3 Mean Effective Pore Diameter (μp) and Molecular Weight Cut-off 
(MWCO) of the membranes. 




Torlon® substrate 6.53 1.50 30316 ± 2129 
HPEI (30 min) 1.48 1.48 1845 ± 62 
HPEI (60 min) 1.24 1.53 1605 ± 34 
GO-5 cycles 0.69 1.33 419 ± 4 
GO-10 cycles 0.71 1.33 437 ± 10 
 
Figure 4-5 depicts the probability density function curves where the peak 
positions and the curve widths representing the effective mean pore diameters 
and pore diameter distributions, respectively; while Table 4-3 lists all the pore 
properties. The effective pore diameter of the Torlon® substrate decreases from 
83 
 
6.53 nm to 1.48 nm after a 30 min HPEI 60K treatment, indicating the HPEI 
cross-linking may decrease the surface pores of the Torlon® substrate. The pore 
size distributions of GO-5 cycles and GO-10 cycles are relatively narrow. 
Specifically, the mean effective pore diameter and MWCO of GO-5 cycles are 
0.345 nm and 419 Da, respectively, suggesting the GO framework layer can 
further reduce the pore size and narrow down the pore size distribution of the 
PEI cross-linked membrane. Since the hydrated radii of Pb2+, Ni2+ and Zn2+ are 
0.401 nm, 0.404 nm and 0.430 nm, respectively [150], the newly designed 
membrane may effectively reject these ions. 
 
Figure 4-5 Pore size distribution curves of the composite membranes. 
 
Figure 4-6 displays the rejections of GO-5 cycles and GO-10 cycles against 
MgCl2, MgSO4, NaCl and Na2SO4. Both membranes have the highest rejection 
towards MgCl2; and the rejection follows an order of R(MgCl2) > R (MgSO4) > 
R(NaCl) > R(Na2SO4). This phenomenon can be explained by the Donnan 
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exclusion mechanism. Due to the amine groups introduced by HPEI, the GO 
framework composite membrane is highly positively charged. Therefore, it 
expels co-ions, such as Mg2+ and Na+. In order to maintain the electroneutrality 
of the solution at the lumen and shell sides of the composite membrane, the 
counter ions Cl- and SO4
2- have to be rejected and follow the rejection rate order 
of Zco-ions/Zcount-ions , where Z refers to the valence.  
 
Figure 4-6 The rejection performance of GO-5 cycles and GO-10 cycles 
towards 1000 ppm MgCl2, MgSO4, NaCl and Na2SO4 . (Operation pressure = 
3 bar) 
 
4.3.3 Stabilities and heavy metal removal 
Figure 4-7 shows the rejections of GO-5 cycles and GO-10 cycles against 
MgCl2 as a function of feed concentration. As compared to the GO composite 
membrane, a HPEI (60 min) membrane is chosen as a representative of the 
modified integrally skinned NF hollow fiber for its highly positively charged 
surface and proper pore size. The rejection of HPEI (60 min) towards MgCl2 
decreases with an increase in salt concentration. This is due to the screening 
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effect on membrane charge density under high salt concentrations. In other 
words, since HPEI (60 min) has a pore diameter much larger than Mg2+ ions and 
its rejection mechanism against Mg2+ ions is mainly dominated by the Donnan 
exclusion, a high salt concentration may weaken the Donnan exclusion and 
lower the membrane rejection. For GO composite hollow fiber membranes, a 
reduction in rejection takes place only when the feed concentration exceeds 
4000 ppm, indicating a combined separation mechanism of both the size and 
Donnan exclusion. In addition, GO-5 cycles and GO-10 cycles have slower 
decreases in rejection than HPEI(60). Clearly, the GO composite membranes 
have higher separation stability under high salinity environments.  
 
Figure 4-7 Effect of feed concentration on the rejection performance of the GO 
composite hollow fiber membranes. (Operation pressure = 3 bar) 
 
The feasibility of employing GO-5 cycles and GO-10 cycles for heavy metal 
removal was further demonstrated using 1000 ppm Pb(NO3)2, NiCl2 and ZnCl2 
solutions as feeds. Table 4-4 summarizes their performance as well as 
benchmarks them with previous literature data of composite membranes [23, 44, 
151, 152] . The newly developed GO-5 cycles and GO-10 cycles have high 
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rejections to these divalent cationic heavy metal ions with higher permeability 
to other polymer membranes. Since these GO framework membranes are highly 
positively charged at pH < 10, together with their small pore sizes, they can also 
potentially reject other cationic heavy metal ions. Compared to inorganic 
membranes, the organic-inorganic composite membranes feature a much lower 
cost while comparable performance, indicating the great potential of the 
GO/polymer membrane.  























3.5 ± 1.1 Pb(NO3)2  500 ppm, 
4 bar 
































NiCl2  99.74 ± 0.18 
 
  ZnCl2  98.07 ± 0.27 
 
GO-10 cycles 4.2 ± 0.4 Pb(NO3)2  94.57 ± 0.57 
 
  NiCl2  98.86 ± 0.76 
 





To investigate their long term stability for heavy metal removal, GO-5 cycles 
and Pb(NO3)2 were chosen as the representative membrane and heavy metal, 
respectively. Figure 4-8 shows the 150-h performance test towards the Pb(NO3)2 
solution of 1000 ppm. It can be seen that the membrane shows a relatively stable 
performance throughout the testing period. The small fluctuations of rejection 
are mainly due to the variation of the feed concentration while the slight increase 
of flux may result from the stabilization of the hollow fiber membrane. In 
summary, the newly developed GO composite hollow fiber membrane has 
exhibited sustainable and stable separation performance for lead removal. 
 




An LbL approach for the deposition of GO nanosheets on a HPEI modified 
Torlon® hollow fiber support was explored in this work. In the coating protocol, 
each layer of GO nanosheets was cross-linked by ethylenediamine and finally 
treated with HPEI to stabilize the GO framework and impart positive charges 
on the membrane surface. Surface characterizations by SEM, XPS and zeta 
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potential confirmed the formation of the GO framework structure. A 5 to 10 
deposition cycle was proven efficient to seal the surface defects, reduce the pore 
size and narrow down the pore size distribution of the composite membranes. 
Heavy metal rejections against Pb2+, Zn2+ and Ni2+ ions were demonstrated by 
the GO framework composite hollow fiber membranes. The newly developed 
membranes have exhibited superior water permeability and comparable 
rejections compared to literature reports. A 150-h long-term rejection test 
against Pb2+ also confirmed the high stability of the GO composite membrane. 




CHAPTER 5  
 
THERMALLY EVOLVED AND BORON BRIDGED GRAPHENE 
OXIDE (GO) FRAMEWORKS CONSTRUCTED ON MICROPOROUS 
HOLLOW FIBER SUBSTRATES FOR WATER AND ORGANIC 
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To address the ever-rising water demand, the current water research is aiming 
to explore innovative technologies for effective recycle and reuse of polluted 
water with minimal energy consumption [1]. Membrane based technologies 
have acquired enormous attention compared to the traditional wastewater 
treatments due to their higher efficiency, lower energy consumption and smaller 
footprint [31, 122, 153]. Nanofiltration (NF) is a low pressure-driven membrane 
process widely used in drinking water and wastewater treatments [27, 47, 123, 
154]. Significant efforts have been devoted in the last two decades to the 
development of NF membranes with high permeability and selectivity. 
 
Graphene oxide (GO) membranes have exhibited ultrafast water transport 
properties potentially useful for water purification processes [82, 95, 104, 114, 
155]. Earlier studies investigated the fabrication of GO membranes and showed 
promising NF performance [62, 89, 100, 103, 105, 106]. However, most GO 
membranes were prepared using the pristine GO without any modifications [88, 
106]. The resultant GO membranes might suffer from low structural stabilities 
because the d-spacing of GO films could increase due to the hydration effect 
and repulsion of oxygen containing groups in GO laminates [115, 117]. 
Therefore, there is an urgent need to improve the design strategies and self-
assembly techniques for GO membranes in order to enhance their stability under 
various operation conditions [62, 81, 118]. Our previous work showed that the 
construction of GO framework membranes by cross-linking GO with diamine 
could significantly enhance the membrane structural stabilities without 
sacrificing the permeability [89]. Recently, An et. al. reported ultra-stiff GO 
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thin films cross-linked by a trace amount of borate, showing an improvement of 
film stiffness by over 255% [80]. The enhanced mechanical stability was 
attributed to the formation of hydrogen and covalent bonds between borate ions 
and the hydroxyl groups on the GO nanosheets [80, 156]. Wang et. al. also 
found that the manipulation of the interlayer nanochannel size of GO 
membranes could be achieved by thermal annealing for efficient carbon capture 
[157]. Inspired by these findings, we aim to molecularly design functionalized 
GO framework membranes with tunable microstructures via boron bridging of 
GO laminates. Thus, the objectives of this study are (1) to design and fabricate 
GO framework membranes by using various boron compounds and (2) to study 
the effect of thermal annealing on the separation performance of the pristine as 
well as boron bridged GO composite membranes. Two boron compounds were 
chosen in this work including boric acid and tetraborate (borax), as presented in 
Figure 5-1. 
 





Filtration of aqueous GO solutions across flat substrates is the most common 
and straightforward method to fabricate GO flat sheet membranes [60, 61]. 
However, a scalable filtration process capable of producing large-area GO 
membranes has yet to emerge due to the limitation on filtration apparatuses. 
Comparing to flat sheet GO membrane, hollow fiber membranes may provide a 
better configuration for the unique advantages including high packing density, 
self-supported membrane structure and ease of handling [107, 108, 110, 113]. 
Furthermore, the concentration polarization effect could be effectively reduced 
in the cross-flow testing condition compared with the dead-end filtration mode. 
In this study, a HPEI modified Torlon® 4000T-MV polyamide-imide (PAI) 
(Figure 2a) hollow fiber was utilized as the substrate due to its superior thermal 
stability and good adhesion with GO nanosheets [139]. Boron compounds were 
selected to bridge the GO nanosheets with aims to not only manipulate the inner 
channel size but also offer mechanical stabilities. Vacuum-assisted deposition 
of GO on the outer surface of hollow fibers was chosen for its simple operation 
and easy repeatability. The resultant GO framework membranes were then 
thermally annealed to form more covalent bonds and densify the GO layer. 
Characterizations were conducted to understand the evolution of surface 
chemistry, morphology, and pore size distribution. In addition, the newly 
developed composite membranes were tested against dye molecules with 
different molecular weights to investigate their application for wastewater 
treatment. This study may also provide guidelines for designing and fabricating 






The hollow fiber support, referred to as the Torlon® substrate, was spun via a 
dry-jet wet-spinning process as described in Chapter 2 [139, 149]. Table 5-1 
summarizes the spinning parameters and conditions. The as-spun hollow fibers 
were cut to short pieces and immersed in DI water for two days to remove 
residual solvents. After that, the fibers were soaked in a glycerol/water mixture 
to avoid pore collapse during the subsequent air drying process [158]. Both ends 
of each dried hollow fiber were coated with a slow curing epoxy (EP 231, Kuo 
Sen, Taiwan) to leave a clear fiber length of 10 cm. This was to avoid the 
inhomogeneous deposition of GO at both ends. The modules were fabricated by 
spacing and loading four pieces of hollow fiber membranes into a 
perfluoroalkoxy tubing connected with two Swagelok stainless steel male run 
tees. Both ends of hollow fiber modules were capped with cotton, followed by 
being sealed with a slow curing epoxy. Prior to the GO assembly process, the 
GO aqueous solution was diluted to 50 ppm by DI water and sonicated in an ice 
water bath for 30 min by Elmasonic (S 30 H) for a uniform dispersion.  
Table 5-1 Spinning conditions of the Torlon® hollow fiber substrate 
Spinning parameters  Value 
Dope composition (wt%) Torlon®/PEG 400/NMP: 18/20/62 
Bore fluid composition NMP/water: 90/10 
External coagulant  Water 
Dope flow rate (ml/min) 4 
Bore fluid flow rate (ml/min) 2 
Air-gap  (cm) 1 
Take-up speed (ml/min)  15 
Spinneret dimension (mm) O.D. = 2.0, I.D. = 1.25 
Temperature of the coagulation bath, 22 °C; Humidity, 52% ± 1%.  
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Figure 5-2 illustrates the step-by-step procedure to construct the GO framework 
layer on the Torlon® support via the vacuum-assisted approach. (1) A 1 wt% 
HPEI 60K aqueous solution was circulated on the module shell side at 70 °C 
for 10 min to enhance the adhesion between GO nanosheets and the substrate. 
(2) A 25 ppm GO solution comprising the boron compounds with a total of 
0.025M borate groups was introduced to the outer surface of hollow fibers and 
conditioned for 5 min before applying vacuum from the lumen side of the 
module for 5 min. (3) After that, the excess water was removed by vacuum for 
another 5 min. The resultant GO composite membranes were then annealed in 
an oven at different temperatures for 15 min before being rinsed with DI water 
and stored in DI water for further tests. The resultant boron bridged GO 
framework membranes were designated as GO-BA (x), GO-TB (x), where x 
refers to the annealing temperature. For comparison, the pristine GO membrane 
was also thermally annealed and the resultant composite membrane was referred 




Figure 5-2 Schematic diagram of the procedure to deposit GO on the shell side 
of hollow fiber substrates via vacuum suction 
 
5.3 Results and discussion 
5.3.1 Morphological and chemical characterizations of the membranes 
Figure 5-3a shows the overall cross section morphology of the Torlon® 
substrate. A thin sponge-like layer can be observed beneath the outer selective 
surface while the underneath substructure contains finger-like macrovoids, 
which minimize the mass transport resistance. Figure 5-3b exhibits the outer 
surface morphology of the Torlon® hollow fiber support after an HPEI treatment 
for 10 min, where small nodules appears and the surface becomes rough. The 
thickness of the GO layer in GO-BA (65) is less than 100 nm, as depicted in 
Figure 5-3c, disclosing the successful deposition and the ultra-thin feature of 
the GO layer. The top surfaces of GO, GO-BA, GO-TB composite membranes 
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annealed under 65 °C are provided in Figure 5-3d-f. All the membranes 
demonstrate the typical GO layer surface with wrinkles formed from the edges 
and folding of GO nanosheets. It is noteworthy that GO-BA (65) shows more 
wrinkles compared with the other two. Figure 5-4 displays their AFM images 
and the mean surface roughness. Both GO (65) and GO-TB (65) exhibit similar 
surface topologies with a mean roughness of 5 – 6 nm over a 4 × 4 μm2 
membrane area while GO-BA (65) demonstrates a surface roughness of over 10 
nm. Thus, the order of surface roughness is well consistent with the number of 
wrinkles observed on the membrane surfaces, as shown in Figure 5-3d-f.  
 
Figure 5-3 Morphology of (a) the Torlon® hollow fiber substrate; (b) the 
substrate surface modified with HPEI for 10 min; (c) the GO layer from GO-
BA (65); (d-f) top surfaces of GO (65), GO-BA (65) and GO-TB (65); (g-i) AFM 





Figure 5-4 AFM images of GO (65), GO-BA (65) and GO-TB (65) membranes. 
(Ra is the mean surface roughness) 
 
The height profiles of GO, GO-BA and GO-TB nanosheets before the 
deposition process are also taken and displayed in Figure 5-3g-i. No notable 
differences can be observed between the pristine GO nanosheets and GO-TB. 
They have a thickness of less than 2 nm, indicating their structures are still two-
dimensional (2-D). This observation may be attributed to the slow reaction 
between GO and tetrahydroxyborate, which is a hydrolysis product of 
tetraborate ion. In addition, the low concentration of boric acid generated by the 
hydrolysis of tetraborate ion may only cross-link few GO nanosheets, further 
keeping the 2-D structure intact. As shown in equation (5), borax ionizes in 
aqueous solution and the hydrolysis of tetraborate ion generates 
tetrahydroxyborate ion (B(OH)4
-) and boric acid (B(OH)3) [159]. In contrast, 
GO-BA has a height profile varying from 2 to 6 nm, implying the presence of 
cross-linked GO nanosheets and the appearance of GO aggregates. This 
phenomenon possibly arises from the rapid reaction between boric acid and GO 
that leads to vigorous folding and aggregation [160]. As a result, it causes more 
wrinkles on the surface of GO-BA membranes, as observed in Figure 5-3e. 
                Na2B4O7 +7H2O ↔ 2B(OH)3 + 2B(OH)4- + 2 Na+                 (5) 
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The XPS survey and B 1s narrow scan spectra in Figure 5-5 provide more 
information on the surface chemistry of GO framework membranes. The 
pristine GO has characteristic C 1s and O 1s peaks at the binding energies of 
285 eV and 532 eV, respectively. While the appearance of N 1s at 400 eV may 
be ascribed to the amide-imide bonds of the Torlon® substrate and the 
introduction of HPEI. The B 1s core-level spectra illustrate the appearance of 
boron compounds. B-O-C at the binding energy of 192 eV confirms the 
formation of borate orthoester between B-OH and hydroxyl groups of GO, 
while B-O at the binding energy of 192.9 eV is related to the unreacted boron 
compounds [161]. 
 
Figure 5-5 XPS survey and B 1s core-level spectra of GO (65), GO-BA (65) and 
GO-TB (65). 
 





According to our previous study [110], the Torlon® substrate has no rejection 
towards ions. It shows a rejection up to 60% towards MgCl2 only after the HPEI 
cross-linking. Figure 5-6 presents the NF performance of the pristine GO, GO-
BA and GO-TB composite membranes as a function of annealing temperature 
towards MgCl2 solutions. Comparing the three types of GO composite 
membranes without thermal annealing, the pristine GO and GO-TB composite 
membranes have the highest PWP of 14.91 and 14.48 LMH bar-1, respectively, 
followed by GO-BA of 8.59 LMH bar -1; while the rejections display an 
opposite trend. GO-BA (R.T) has the highest rejection because of its densely 
packed GO laminates.  
 
Figure 5-6 NF performance of GO, GO-BA and GO-TB composite membranes 




Although the boron related bonds in GO-BA and GO-TB are identical including 
hydrogen and borate orthoester bonds between B-OH and hydroxyl groups of 
GO, interestingly, GO-BA has a higher rejection and a lower PWP than GO-
TB. This may arise from the fact that they have different degrees of cross-
linking reaction. The former has a higher degree of cross-linking because its 
boric acid concentration is higher, leading to a denser GO layer during the 
membrane fabrication. Conversely, the hydrolysis of tetraborate produces a 
mixture of boric acid and tetrahydroxyborate ions with different sizes and 
charge characteristics. Not only their boric acid concentrations are lower than 
the BA case, but they also create mutual competition to interact with GO. 
Consequently, the resultant GO nanosheets have a looser GO laminate packing 
because of a lower degree of cross-linking and random distribution of these 
boron compounds within GO.  
 
Generally, the PWP values of these GO composite membranes demonstrate a 
monotonous decreasing trend as a function of annealing temperature. However, 
the pristine GO membranes has a faster PWP drop with temperature than GO-
BA and GO-TB membranes. In addition, their rejections show inconsistent 
behaviors. All rejections towards MgCl2 firstly display an increasing trend 
followed by a slight decline after reaching a critical temperature. Since the 
separation mechanisms of NF are based on the combination of size exclusion 
and Donnan exclusion, the pore size distribution and XPS analysis of these 
membranes were examined as a function of annealing temperatures in order to 




Figure 5-7 shows the probability density function curves of the GO composite 
membranes as a function of annealing temperature, while Table 5-2 summarizes 
their pore properties in terms of mean effective pore diameters, geometric 
standard deviation and MWCO. Increasing the annealing temperature from 
room temperature to 80 °C has remarkably reduced the pore size and narrowed 
down the pore size distribution of the composite membranes, which are 







Figure 5-7 Pore size distribution curves of the composite membranes 
 
Table 5-2 Mean effective pore diameter (μp), geometric standard deviation and 
molecular weight cut-off (MWCO) of the membranes 




Torlon® substrate 6.53 1.50 30316 
GO (R.T.) 1.43 1.44 847 
GO (50) 1.39 1.47 805 
GO (65) 1.36 1.44 774 
GO (80) 1.19 1.38 609 
GO-BA (R.T.) 1.33 1.42 743 
GO-BA (50) 1.23 1.40 647 
GO-BA (65) 1.21 1.39 628 
GO-BA (80) 1.16 1.37 582 
GO-TB (R.T.) 1.83 1.53 1319 
GO-TB (50) 1.78 1.60 1255 
GO-TB (65) 1.72 1.60 1180 
GO-TB (80) 1.67 1.63 1120 
 
Figure 5-8 displays the XPS analyses on the surfaces of GO and GO-TB 
membranes annealed at different temperatures. For the pristine GO membrane, 
104 
 
O-C=O, C=O, C-O and C-C characteristic bonds are detected at binding 
energies of 290.45 eV, 288.65 eV, 287 eV and 285 eV, respectively [54]. 
Compared to the C-C bond, the peak intensity of C-O decreases monotonically 
with an increase in annealing temperature. This indicates that the partial 
reduction of GO may take place more severely at a higher annealing temperature 
and results in a decreased nanochannel size within the GO films [74, 81, 84, 
111, 112]. Therefore, all membranes show an increasing trend in rejection when 








The slight drop in rejection for all membranes annealed at 80 °C may be 
explained by the evolution of free amine groups on membrane surfaces. 
Originally, the C-N bond at 286 eV is resulted from the reactions between the 
free amine groups of HPEI and other functional groups of either GO laminates 
or Torlon substrates. Since thermal annealing may promote the reaction 
between HPEI and GO nanosheets, and enhance the C-N peak intensity, the 
deconvolution of the N 1s core-level spectrum confirms our hypothesis. As 
shown in the middle of Figure 5-8, the primary amine validates the presence of 
free amine from HPEI molecules. However, thermal annealing could promote 
the reaction between the free amine groups and the carbonyl groups on the imide 
rings of Torlon® to form amide groups. In addition, these free amine groups 
may cross-link with both epoxy and carboxylic acid groups of GO nanosheets. 
Because of these reactions, the free amine groups on the membrane surface 
decline while the intensity of C–N bonds increases with an increase in annealing 
temperature, as shown in the top and middle rows of Figure 5-8, respectively. 
As a result, fewer free amine groups on membrane surface could be protonated 
to provide positive charge. The resultant membranes lose their original charge 
properties and thus lower their selectivity previously induced by the Donnan 
exclusion. This phenomenon may explain the slight dip in rejection towards 
MgCl2 for membranes annealed at 80 °C. 
 
 
Figure 5-9 elucidates the zeta-potential of the pristine GO membranes annealed 
at elevated temperatures and boron bridged GO composite membranes 
annealed at 65 °C. Overall, all the membranes demonstrate positive surface 
charge over a wide pH range. As shown in  
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Figure 5-9a, increasing the thermal annealing temperature could not only 
slightly left-shift the isoelectric point of the membrane but also decrease the 
zeta-potential of the resultant membrane, which is consistent with the XPS 
results. When comparing boron bridged membranes with the pristine GO 
membrane annealed at 65 °C, the left shift of the isoelectric point of the boron 
bridged membranes might be resulted from the appearance of borate species. 
However, since all the membranes possess similar zeta-potential at neutral pH, 




The evolution of B 1s spectra of boron bridged membranes with temperature 
may explain the different effects of thermal annealing on membrane flux and 
rejection between the pristine and boron bridged GO membranes, as shown in 
Figure 5-6. Using the GO-TB membrane as a representative, Figure 5-8 displays 
its B-O signal of the unreacted borate species, which keeps diminishing as a 
function of annealing temperature. This phenomenon can be attributed to the 
 
Figure 5-9 ζ-potential as a function of pH of the membranes: (a) GO 
membranes with elevated annealing temperatures and (b) GO, GO-BA, GO-TB 
composite membranes annealed at 65 °C 
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fact that an elevated temperature facilitates the formation of orthoester bonds 
between boron compounds and hydroxyl groups of GO nanosheets [80, 157, 
159]. Since the rigid structure provided by boron/GO orthoester bonds may 
resist GO layers from shrinkage, the variation in nanochannels is smaller as 
compared to the pristine GO membrane. Consequently, the boron bridged 
membranes have more stable flux and rejection values with annealing 
temperature than the pristine GO membrane. Similar rigid structures have been 
observed by An et. al., showing that borate ions could strongly reinforce the 
thin-film structure of GO materials [80]. The enhanced structural stability and 
less variation of flux and rejection may open up new opportunities for the use 
of boron bridged GO membranes to treat hot wastewater in industrial 
applications.  
 
Figure 5-10 illustrates the structural transformation of GO, GO-BA and GO-TB 
composite membranes with elevated annealing temperatures. It can be seen that 
the pristine GO membrane comprises only hydrogen bonding and π-π stacking. 
With an increase in annealing temperature, the loss of oxygen-containing 
groups and formation of C-N bonds in the pristine GO composite membranes 
may densify the GO layer (Figure 5-10a), leading to a more compact laminate 
structure. Meanwhile, the prompt reaction between boric acid and GO 
nanosheets at the hydroxyl containing moieties may lead to GO folding and 
aggregations, and create a dense microstructure of GO laminates (Figure 5-10b). 
Since the hydrolysis of Na2B4O7 yields both boric acid and B(OH)4
- and both 
molecules can interact with the hydroxyl groups in GO nanosheets (Figure 
5-10c), the borate adducts at room temperature serve as bridges connecting GO 
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nanosheets through intermolecular hydrogen bonding and/or borate orthoester 
bonds. During annealing, more covalent orthoester bonds within the inter-sheet 






Figure 5-10 Schematic illustration of the structures before and after thermal 
annealing of (a) GO, (b) GO-BA and (c) GO-TB composite membranes. 
 
5.3.3 Rejection performance to different dye molecules  
Table 5-3 summarizes the separation performance of these three GO framework 
composite membranes annealed at 65 °C against various dyes without pH 
adjustment. These dyes have molecular weights in a range of 300 to 1000 Da. 
Even though these GO composite membranes have bigger MWCO of about 
628-1180 Da (Table 5-2), they can effectively reject these smaller dye 
molecules (> 97%). These high rejections are probably due to (1) the formation 
of charged dye ions when the dyes dissolve in water and (2) the Donnan 
exclusion effect so that the charged membranes are able to exclude co-ions 
[139]. In the cases of Methylene Blue and Safranin O, since the GO composite 
membranes are positively charged, they preferentially reject the dye cations. 
However, Cl- could be also rejected in order to maintain the electroneutrality on 
both sides of the membranes. Similarly, the passage of the negatively charged 
elements will be lowered due to the charge repulsion between Na+ and the 
membrane surface. Figure 5-11 compares the 100-h NF tests of GO (65) and 
GO-TB (65) towards 50 ppm Safranin O solutions. The slight decrease of flux 
for both membranes at the initial stage may result from the stabilization of the 
membranes and the pore fouling induced by the dye molecules. After that, GO-
TB (65) shows relatively stable flux and rejection throughout the testing period. 
However, GO (65) demonstrates a continuous decline of rejection towards the 
Safranin O dye molecules, which might result from the delamination of un-
bonded GO nanosheets at the outer-most surface. The slight increase of the 
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normalized flux for GO (65) after 30 h might be attributed to the reduced mass 
transport resistance, which could support the above hypothesis.  In summary, 
the newly developed boron bridged GO composite membranes with higher 
fluxes and molecularly tuned structural properties can be also used to effectively 
separate dyes for textile wastewater. The boron bridged membranes have also 
exhibited sustainable and stable separation performance during a long term test. 
By manipulating the size and properties of the nanochannels between GO 
laminates, other separation purposes could be achieved, such as pervaporation 
and gas separation. 
 
Figure 5-11 The 100 h NF tests of GO-BA (65) and GO (65). (Test conditions: 





Table 5-3 Structures, molecular information and the rejection performance of different dyes 
Solute Molecular formula 
(MW, Da) 
Chemical structures Detection 
wavelength (nm) 










532 97.72 97.88 -- 
Remazol 














In this study, a series of boron bridged GO composite membranes has been 
successfully constructed on the Torlon® hollow fiber substrates. Compared with 
typical vacuum-filtrated GO flat sheet membranes, GO hollow fiber membranes 
prepared from vacuum suction may provide a better configuration for industrial 
scale up from engineering perspectives. Both pore size distribution and XPS 
analysis elucidated the fundamental sciences on the evolution of nanochannels 
and surface chemistry of GO composite membranes with annealing 
temperature. It was discovered that thermal annealing of GO composite 
membranes could partially reduce the GO nanosheets and thereby densify the 
GO laminate structure. In contrast, introducing structurally rigid borate 
orthoester bonds within the GO laminates generates much stable performance 
in terms of flux and rejection as a function of annealing temperature. This newly 
developed boron bridged GO framework membranes may open up new 
opportunities for the use of boron crosslinked GO membranes to treat hot and 
harsh wastewater. Molecularly engineered nanochannels within GO laminates 
could be employed to allow fast water permeation whilst rejecting the transport 
of dye molecules by manipulating the annealing process and the chemistry of 
boron bridges. The newly fabricated series of membranes exhibit the highest 
water permeability of 11.66 L m-2 h-1 bar-1 and high retention rates of >97% 
toward the testing dyes. This study may also provide useful insights on the 























In pursuit of exploring new membrane materials for higher separation efficiency 
compared with traditional polymeric membranes, GO with its unique 
advantages, including ultrafast water transport properties, amphiphilicity nature 
and highly stackable feature, has been extensively studied resulting in its 
tremendous advancement. Even though GO has demonstrated great potential in 
the gas separation, pervaporation and ultrafiltration fields, the application of GO 
materials in NF is limited by the low selectivity of GO films towards ions, low 
structural stability under crossflow conditions as well as scale-up issues. Thus, 
to design and fabricate high performance and highly stable GO NF membrane 
is of great significance. GO frameworks constructed by interconnection of GO 
nanosheets via covalent and electrostatic bonding are proposed in this 
dissertation. Fundamental studies on the GO laminates formations have been 
carried out on the flat sheet GO NF membranes. GO composite membranes 
based on Torlon® hollow fibers have been also developed and investigated in 
this thesis. Major findings are summarized as follows: 
 
Free standing GO framework has been constructed by covalently crosslinking 
GO with EDA on a PC membrane surface via a pressure-assisted filtration 
process, followed by a post-treatment step to tune the surface charge property. 
Compared with the pristine GO laminate, the GO framework membrane 
demonstrates enhanced membrane stability as well as enlarged the 
nanochannels for higher water permeability. The diversity of the functional 
oxygen-containing groups enables the further modification of GO nanosheets. 
By introducing HPEI 60K, the GO framework membrane surface potential can 
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be positively tuned and the rejection towards divalent heavy metal cations could 
be substantially enhanced. This is the first work showing the high retention rate 
of GO membrane towards divalent ions and providing insights in designing 
nanochannels within sub-nano dimensions in GO NF membranes. 
 
The potential of employing GO materials in the application of NF process has 
been well demonstrated via the design of free standing GO framework 
membranes. However, a scalable filtration process capable of producing large-
area GO membranes has yet to emerge due to the limitation on filtration 
apparatuses. Comparing to flat sheet GO membrane, hollow fiber membranes 
may provide a better configuration in an engineering prospective. Thus, an LbL 
approach for the deposition of GO nanosheets on a HPEI modified Torlon® 
hollow fiber support was explored. In the coating protocol, each layer of GO 
nanosheets was cross-linked and finally treated with HPEI to stabilize the GO 
framework and impart positive charges on the membrane surface. The LbL 
deposition approach could enhance the alignment of GO nanosheets via the 
repeated dip-coating process. Due to the ultrathin feature and well-tailored 
framework structure of the GO layer, the newly developed membranes have 
exhibited superior water permeability, high rejections, high salinity tolerance 
and long-term stabilities.  
 
Finally, the fundamental sciences on the evolution of nanochannels and the 
change of surface chemistry of GO composite membranes against elevated 
annealing temperatures have been elucidated. It was discovered that thermal 
annealing of GO composite membranes could partially reduce the GO 
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nanosheets and thereby densify the GO laminate structure. In contrast, 
introducing structurally rigid borate orthoester bonds within the GO laminates 
generated much stable performance in terms of flux and rejection as a function 
of annealing temperature. This newly developed boron bridged GO framework 
membranes may open up new opportunities for the use of boron crosslinked GO 
membranes to treat hot and harsh wastewater. Molecularly engineered 
nanochannels within GO laminates could be employed to allow fast water 
permeation whilst rejecting the transport of dye molecules by manipulating the 
annealing process and the chemistry of molecular bridges.  
 
6.2 Recommendations 
While the main objectives of this thesis have been achieved, it should be noted 
that this thesis is not exempted from limitations. The following 
recommendations are proposed to gain a more detailed insight for future studies: 
 
1) By developing and optimizing the membrane preparation techniques, 
including uniformly controlling of GO flake size, modifying the size of GO 
to even quantum dots level [162], functionalizing GO nanosheets, etc., the 
separation efficiency and membrane stabilities could be further improved. 
 
2) The NF tests in this study focused single solute systems, which may not 
reflect the actual condition in industrial separation. Despite the fact that 
multi-component simulated wastewater will resemble the real waste water 
treatment system, the complexity of such system will limit the possibility to 
deeply investigate the potential of a material. Nevertheless, the performance 
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of the newly developed GO membrane could be further investigated for feed 
temperatures, feed concentrations, multi-component systems as well as 
cleaning cycles. The outcome of this study could provide valuable insights 
in the evaluation and design of novel pilot-scale NF membrane systems for 
various industrial applications.  
 
3) Besides the application of GO NF membrane in aqueous environments, GO 
composite membrane could also be employed in organic solvent 
nanofiltration since GO is stable in various organic solvents. Therefore, it 
will be interesting to further explore the potential of GO/Torlon® hollow 
fiber in organic solvent systems after the polymeric substrates have been 
crosslinked. 
 
4) The reduction of GO membranes has been witnessed in some literature in 
terms of the membrane permeability decline as well as the transformation 
of the membrane morphology, e.g. the membrane becomes darker after a 
long term separation test. However, no in-depth study on the cause and 
progress of the reduction has been reported. Therefore, a detailed insight of 
the reduction phenomenon can be investigated to prolong the life time of 
GO membranes. 
 
5) Researches on GO membranes demonstrate a large variety in the water 
permeability between the experimental and simulation studies. Different 
parameters in GO membranes, including the GO chemistry, size of the 
flakes, stacking pattern of these GO laminates, diversify the research 
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outputs, and thus leading to a low signal-to noise ratio of GO membrane 
research. Therefore, there is a great need for GO standardization and GO 
membrane in situ characterization to understand the fundamentals 
controlling the GO assembly process and the basic phenomena explaining 
the unique water transport properties. Simulations with well-defined 
boundary conditions and proper assumptions could be properly combined 
with experimental works for the in-depth understanding of the transport 
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